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Abstract
Total arsenic (As) in environmental (water, soil, sediment) and biological (scalp hair, 
urine) samples collected from naturally As-rich areas in Aigentina (San Juan and La 
Pampa) was determined by inductively coupled plasma mass spectrometry (ICP-MS) in 
collision cell mode. Arsenic levels in surface (11-133 pg/1 As) and groundwater (3 -  
1326 pg/1 As) typically exceeded the World Health Organisation (WHO) guideline 
value of 10 pg/1 As for potable waters, the Argentinean national drinking water standard 
of 50 pg/1 As and in some cases the Food and Agriculture Organisation (FAO) of the 
United Nations irrigational water limit of 100 pg/1 As. A naturally low arsenic region, 
namely Rio Negro, was sampled to provide comparative data for the As-rich areas in 
Argentina. The development of a method for tlie in situ collection, preservation and 
separation of the arsenic species; arsenite (As™), arsenate (As'), monomethylarsonic 
acid (MA^) and dimethylarsinic acid (DMA') in natural waters was undertaken utilising 
solid phase extraction (SPE) cartridges. The assessment of arsenic species by SPE 
revealed the presence of the organoarsenicals MA'  ^ and DMA'  ^up to 79 pg/l (33% of 
tlie total arsenic) in San Juan (Encon) groundwater, which aie not typically observed in 
literature data for corresponding water types. The major arsenic species in natural 
waters were the more toxic As™ and As'" species. Surface soils and river sediments 
(diied and sieved) from San Juan and La Pampa Provinces had levels of 5 -  35 mg/kg 
As (dry weight, d.w.) and 6 -3 2  mg/kg As (d.w.), respectively; comparative to reported 
world-wide values ranging from 0.4 to 70 mg/kg As (d.w.). The predominant arsenic 
species in Argentinean soils was A s\ with no detectable methylated forms. Sequential 
fractionation of soils and sediments confirmed the extractable forms of arsenic to be in 
the order: residual > exchangeable > bound to Fe and Mn oxides > bound to organic 
matter and sulphides. The assessment of washed human scalp hair and urine as 
potential biomarkers for arsenic exposure showed high arsenic levels in participants 
from San Juan and La Pampa (As-rich areas). Arsenic spéciation of washed scalp hair 
revealed the presence of As™ and As' ,^ whereas urinary arsenic species were principally 
organoarsenicals (DMA^ > MA'  ^ > arsenobetaine, AB). The metabolic 
biotransformation of arsenic in exposed individuals (based on washed scalp hair and 
urine data) indicates a possible reduction in arsenic toxicity. This research highlights 
the potential souices of natural and anthropogenic arsenic in the Argentinean 
environment and the likely toxicological effects on the exposed population.
ii
List of Contents
Declaration of Originality i
Abstract ii
List of Contents iii
List of Figures vii
List of Tables ix
List of Equations xi
Abbreviations xii
Acknowledgements xvi
Chapter One: General Introduction 1
1.0 Introduction, 2
1.1 Trace Elements and Ultra-Trace Elements 4
1.1.1 Total Elemental and Trace Elemental Spéciation 4
1.1.1.1 Environmental 6
1.1.1.2 Biological 7
1.2 Arsenic 8
1.2.1 Basic Chemistry 8
1.2.2 Species of Arsenic 9
1.2.3 Sources of Arsenic -  Natural and Anthropogenic 12
1.2.3.1 Air 12
1.2.3.2 Waters 13
1.2.3.3 Soils and Sediments 16
1.2.3.4 Microbial 19
1.2.4 Sources of Arsenic Contamination 21
1.2.4.1 Mining 23
1.2.4.2 Industrial 24
1.2.4.3 A^cultural 24
1.2.5 Arsenic -  Essentiality and Toxicity 25
1.2.5.1 Plants and Foodstuffs 27
1.2.5.2 Human Health 28
1.2.5.3 Animal Health 32
1.3 Bioavalibility and Bioaccessibilty of Trace Elements 33
1.3.1 Definitions 33
1.3.2 Link to Environmental and Human Health Status 34
1.3.2.1 Arsenic 34
1.4 Overview of Study Area 36
1.4.1 Argentina, South America 37
1.4.1.1 San Juan 39
1.4.1.2 La Pampa 40
1.4.1.3 RioNegi'o 41
1.5 Aim and Objectives 42
1.5.1 Aim 42
1.5.2 Objectives 44
Chapter Two: Analytical Methodology and Instrumentation 45
2.0 Introduction 46
2.1 Sample Collection and Preparation 46
2.1.1 Water 46
iii
2.1.1.1 pH, Conductivity and Total Dissolved Solids (TDS) -  Water 48
2.1.2 Soil and Sediment 51
2.1.2.1 pH -  Soil and Sediment 52
2.1.2.2 Acid Digestion -  Soil and Sediment 53
2.1.2.3 Arsenic Spéciation -  Soil and Sediment 55
2.1.2.4 Sequential Fractionation -  Soil and Sediment 56
2.1.2.5 Loss-on-Ignition (LOI) -  Soil and Sediment 58
2.1.3 Human Scalp Hair 58
2.1.3.1 Microwave Digestion -  Human Scalp Hair 59
2.1.3.2 Arsenic Spéciation -  Human Scalp Hair 61
2.1.4 Human Urine 63
2.1.4.1 Creatinine -  Human Urine 64
2.2 Instrumentation 65
2.3 Solid Phase Extraction (SPE) 69
2.3.1 Principles of SPE 70
2.3.1.1 SPE Conditioning 70
2.3.1.2 SPE Retention 71
2.3.1.3 SPE Rinsing or Washing 72
2.3.1.4 SPE Elution 72
2.3.2 SPE - Types of Phases 72
2.3.2.1 SPE -  Strong Cation Exchange (SCX) 74
2.3.2.2 SPE -  Strong Anion Exchange (SAX) 75
2.3.3 SPE -  Role in Elemental Spéciation 75
2.3.3.1 Arsenic Spéciation by SPE 76
2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 79
2.4.1 Principles of ICP-MS 79
2.4.1.1 ICP-MS -  Sample Introduction 80
2.4.1.2 ICP-MS -  Inductively Coupled Plasma 81
2.4.1.3 ICP-MS -  Sampling Interface 83
2.4.1.4 ICP-MS -  Ion Beam Focusing Unit 85
2.4.1.5 ICP-MS -  Mass Analyser 86
2.4.1.6 ICP-MS -  Data Acquisition 88
2.4.1.7 ICP-MS -  Collision Cell Technology (CCT) 88
2.4.2 Limitations of ICP-MS 90
2.4.2.1 Physical Interferences 90
2.4.2.2 Spectral Interferences 91
2.4.3 ICP-MS -  Instrumentation 92
2.4.4 ICP-MS -  Operating Conditions 92
2.4.5 ICP-MS -  Limit of Detection (LCD) 93
2.4.6 ICP-MS -  Linear Dynamic Range (LDR) 94
2.4.7 ICP-MS -  Interferences 95
2.4.8 ICP-MS-Calibration 96
2.4.9 ICP-MS -  Precision and Accuracy 97
2.5 Ion Chromatography (IC) 100
2.5.1 Principles of IC 100
2.5.2 IC -  Instrumentation 102
2.5.3 IC -  Limit of Detection (LCD) 104
2.5.4 IC -  Limitations/Interferences 104
2.5.5 IC -  Calibration 105
2.5.6 IC -  Precision and Accuracy 105
iv
2.6 Ultra-violet/Visible (UV/Vis) Absorption Spectroscopy 107
2.6.1 Principles of UVWis Spectroscopy 107
2.6.2 UV/Vis Spectroscopy -  Instrumentation 108
2.6.3 UV/Vis Spectroscopy -  Limit of Detection (LOD) 109
2.6.4 UV/Vis Spectroscopy -  Interferences 109
2.6.5 UV/Vis Spectroscopy -  Calibration 110
2.6.6 UV/Vis Spectroscopy -  Precision and Accuracy 110
2.7 High Performance Liquid Chromatography-ICP-MS (HPLC-ICP-MS) 111
2.7.1 Principles of HPLC 112
2.7.2 HPLC -  Instrumentation 112
2.7.2.1 HPLC -  Sample Injector 112
2.7.2.2 HPLC-Pump 113
2.7.2.3 HPLC-Column 113
2.7.3 HPLC-ICP-MS -  Operating Conditions 115
2.7.4 HPLC-ICP-MS -  Limit of Detection (LOD) 116
2.7.5 HPLC-ICP-MS -  Calibration 116
2.7.6 HPLC-ICP-MS -  Precision and Accuracy 117
2.8 Quality Control (QC) 118
2.8.1 Certified Reference Materials (CRMs) 118
2.8.2 Inter-Analytical Method Comparison
(SPE -  ICP-MS -  HPLC-ICP-MS) 123
2.9 Summaiy 125
Chapter Three: Environmental Analysis -  Arsenic in Water 126
3.0 Summary of Findings 127
3.1 Study Sites 128
3.1.1 San Juan 128
3.1.2 La Pampa 131
3.1.3 Rio Negro 132
3.2 Water Sampling and Analysis 133
3.3 Instrumentation 133
3.4 Results 134
3.4.1 Physical Water Paiameters 134
3.4.2 Total Arsenic 136
3.4.3 Arsenic Species 141
3.4.3.1 San Juan 141
3.4.3.2 La Pampa 142
3.4.3.3 Rio Negro 143
3.4.3.4 Water Treatment Works 144
3.5 Discussion 147
3.6 Conclusions 153
Chapter Four: Environmental Analysis -  Arsenic in Soil and Sediment 156
4.0 Summary of Findings 157
4.1 Study Sites 158
4.2 Soil and Sediment Sampling and Analysis 158
4.3 Instrumentation 159
4.4 Results 159
4.4.1 Basic Soil and Sediment Properties and Total Aisenic 159
4.4.2 Arsenic Species in Soil and Sediment 160
V
4.4.3 Arsenic Fractionation 161
4.5 Discussion 166
4.6 Conclusions 171
Chapter Five: Human Exposure Analysis -  Arsenic in Scalp Hair and Urine 174
5.0 Summary of Findings 175
5.1 Protocol (or Study Groups) 176
5.2 Scalp Hair and Urine Sampling and Analysis 176
5.3 Instrumentation 176
5.4 Statistical Methods of Analysis 177
5.5 Results 177
5.5.1 Total and Speciated Arsenic in Washed Scalp Hair, Urine and 
Drinking Water 177
5.5.2 Demographic Characteristics of Study Populations 186
5.5.3 Drinking Water Arsenic Exposure vjcf Scalp Hair and Urine 190
5.5.4 Estimation of Total Daily Arsenic Intake 191
5.6 Discussion 193
5.7 Conclusions 199
Chapter Six: Conclusion 201
6.0 Intioduction 202
6.1 Environmental Analysis 202
6.2 Human Exposure Analysis 206
6.3 Further Work 208
References 209
Appendix A 245
Appendix B 248
Appendix C 290
Appendix D 295
VI
List of Figures
Figure 1.1 
Figure 1.2
Figure 1.3 
Figure 1.4
Figure 1.5 
Figure 1.6 
Figure 1.7 
Figure 1.8
Figure 1.9 
Figure 1.10 
Figure 1.11 
Figure 1.12
Mercury cycle in the biosphere.
Structural data for tlie most common arsenic compounds in the 
environment.
Simplified transformation pathway of arsenic in the environment. 
Eh-pH diagi am for aqueous arsenic species in the system 
As-Fe-O-H-S in water at 25°C, 1 bar pressure with total arsenic 
10-" M.
Local cycle of arsenic in a stratified lake.
Reductive méthylation of arsenate to dimethylarsine.
Biological cycle of arsenic.
a) Hyperpigmentation and hyperkeratosis lesions of the back and
b) the hands through chronic exposure to arsenic.
Map of Argentina.
Map of San Juan, Argentina.
Map of La Pampa, Argentina.
Map of Rio Negro, Argentina.
10
12
15
16 
20 
21
30
38
40
41
42
Figure 2.1 
Figure 2.2 
Figure 2.3 
Figure 2.4 
Figure 2.5 
Figure 2.6 
Figure 2.7 
Figure 2.8 
Figure 2.9
Figure 2.10 
Figure 2.11
Figure 2.12 
Figure 2.13 
Figure 2.14 
Figure 2.15 
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19 
Figure 2.20 
Figure 2.21
Methodology for soil and sediment digestion.
Soil and sediment spéciation methodology.
Modified sequential fi’actionation procedure for soils and sediments. 
Microwave digestion method for washed human scalp hair. 
Methodology for washed human scalp hair spéciation.
Creatinine assay method for human urine samples.
Principal mechanism of the strong cation exchange cartridge (SCX). 
Principal mechanism of the strong anion exchange cartridge (SAX). 
Field-based arsenic spéciation methodology 
(preseivation and separation).
Schematic of an ICP-MS instrument.
Schematic of tlie plasma torch and RF coil relative to the ICP-MS 
interface.
Schematic of the ICP-MS interface.
Schematic of a quadrupole mass analyser.
Cr interference tests using normal mode ICP-MS.
Cr interference tests using collision cell mode ICP-MS.
Typical calibration graph for arsenic by the Agilent 7500-CX ICP-MS 
instrument.
Typical IS plot (200 pg/1 ’Li", 200 pg/1 "'Sc", 1000 pg/1 %e",
4 |xg/ï ™'Rh", 4 jig/1 "'In", 50 pg/l ^^ ^Te",2 pgd ®^'Re" and 
20 |xg/l ™'lr") for multi-element analysis by the Agilent 7500-CX 
ICP-MS instrument.
Instrumental drift chart for a 10 pg/1 As solution by ICP-MS 
(Agilent 7500-CX).
Basic components of a typical IC system.
Schematic of chemical suppression.
Typical standard solution chromatogram produced by the Dionex 
DX-600 Ion Chromatograph (0.1 mg/1 F', 1.0 mg/1 CT, 0.1 mg/1 
NO/, 0.1 mg/1 Br", 0.5 mg/1 NO/, 0.2 mg/1 POA 2.0 mg/1 S0 4 ^).
54
55 
57 
60 
63 
65
74
75
77
79
82
84
87
95
96
97
98
99 
101 
102
103
Vll
Figure 2.22
Figure 2.23 
Figure 2.24 
Figure 2.25 
Figure 2.26 
Figure 2.27
Figure 2.28
Figure 2.29 
Figure 2.30
Figure 2.31
Figure 3.1 
Figure 3.2 
Figure 3.3 
Figure 3.4 
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 4.1 
Figure 4.2 
Figure 4.3
Typical natural water sample chromatogram produced by the 
Dionex DX-600 Ion Chromatograph. 103
A typical calibration graph for chloride as determined by IC. 105
Drift chart for a 1.5 mg/1 fluoride QC solution by IC. 106
Molecular orbital transfer during UV/Vis spectroscopy. 107
(a) a single beam and (b) dual beam UV/visible spectrophotometer. 109
A typical calibration graph for creatinine as determined by UV/Vis 
spectroscopy. 110
Drift chart for a 10 mg/1 creatinine QC solution by UV/Vis 
spectroscopy. I l l
Gradient elution set-up for arsenic spéciation by HPLC-ICP-MS. 114
HPLC-ICP-MS chromatogram of a mixed 50 pg/1 As species standard 
(As™, A s\ MA' , DMA'  ^and AB) and washed scalp hair extract EN6. 115 
Typical calibration graph for arsenic species by HPLC-ICP-MS. 116
Map of sampling locations in northern San Juan Province, Argentina. 129 
Map of sampling locations in southern San Juan Province, Argentina. 130 
Map of sampling locations in northeast La Pampa Province, Argentina. 131 
Map of sampling locations in Rio Negro Province (control), Argentina. 132 
Total arsenic concentrations in waters from San Juan and La Pampa, 
Argentina. 139
Total arsenic concentrations reported downstream in the surface 
waters from San Juan, Argentina. 139
Schematic of the water treatment works process in EC and LU,
La Pampa, Argentina. 145
Correlation between inorganic arsenic % spéciation and the pH of the 
waters for San Juan and La Pampa, Argentina. 149
Correlation between inorganic arsenic % spéciation and the TDS level 
of the waters for San Juan and La Pampa, Argentina. 150
Arsenic concentration in soils and sediments (dried at 40°C and sieved 
to < 125 pm) from San Juan, La Pampa and Rio Negro, Argentina. 160
Extractable arsenic (%) from surface soil samples in San Juan and 
La Pampa, Argentina. 165
Extractable arsenic (%) from river sediment samples in San Juan and 
Rio Negro, Argentina. 165
Figure 5.1 Comparison of washed scalp hair arsenic concentrations 
(mg/kg As d.w.) and corresponding drinking water arsenic 
concentrations (pg/1 As) of exposed populations reported in the 
literature to that in the exposed group in the present study. 178
Figure 5.2 Comparison of unadjusted urinary arsenic concentrations (pg/1 As) 
and corresponding drinking water arsenic concentrations (pg/1 As) 
of exposed populations reported in the literatur e to that in the exposed 
group in the present study. 183
Figure 5.3 (a) Original pathway for the biotransformation of arsenic, proposed by 
Aposhian et alj 2000b and (b) newly proposed metabolic pathway 
proposed by Hayakawa et al, 2005. 198
vrtr
List of Tables
Table 1.1 Baseline water quality values for drinking, irrigation and livestock. 2
Table 1.2 Experimental L D 5 0  values for arsenic species. 3
Table 1.3 Typical natural trace element concentrations of fresh-, river- and
seawater. 5
Table 1.4 Possible forms of trace elements. 6
Table 1.5 Nomenclature of arsenic compounds in environmental and biological
systems. 11
Table 1.6 Arsenic concentrations in environmental media. 14
Table 1.7 Typical natural trace element concentrations of surface soils, plants and
foodstuffs. 18
Table 1.8 Arsenic contamination in groimdwater with affected populations across
the world. 22
Table 1.9 Effects observed in humans/laboratory animals after chronic arsenic
exposure. 27
Table 1.10 Typical natural trace element concentrations of human scalp hair
and urine. 32
Table 2.1 Typical pH ranges in different water types. 49
Table 2.2 Conductivities of some water types. 50
Table 2.3 Mineralisation of groundwater, characterised by conductivity. 51
Table 2.4 Specifications of the Hanna HI 98129 Digital Combo Meter. 51
Table 2.5 Procedure for the determination of soil and sediment pH. 53
Table 2.6 Reagents commonly used in sample dissolution or digestion. 53
Table 2.7 Soil fractions defined by sequential fractionation. 56
Table 2.8 Procedure for the determination of soil and sediment LOI. 58
Table 2.9 Percentage arsenic recoveries for hair spéciation methodology with
variations in extraction time, fixed at 90°C. 62
Table 2.10 Percentage arsenic recoveries for hair spéciation methodology with
variations in extraction temperature, fixed at 30 minutes. 62
Table 2.11 Summary of analytical techniques for total arsenic determination. 68
Table 2.12 Characteristics of solvents commonly used in SPE. 70
Table 2.13 Sorbent types, acronyms, and extraction properties of common SPE
sorbents based on bonded silicas. 73
Table 2.14 Summary of common sample introduction techniques for ICP-MS
elemental analysis. 81
Table 2.15 Typical operating conditions for the Agilent 7500-CX ICP-MS
instrument. 93
Table 2.16 Elemental LOD values for the Agilent 7500-CX ICP-MS instrument
and typical collision cell conditions. 94
Table 2.17 Mean elemental concentrations (pg/1) and Student’s t-test tcaic values for
repeat water analysis using the Agilent 7500-CX ICP-MS instrument. 99
Table 2.18 Operating conditions for the Dionex DX-600 Ion Chromatograph. 103
Table 2.19 Limit of detection for anions by IC. 104
Table 2.20 Accuracy measurements determined for IC. 106
Table 2.21 Summary of the Dionex HPLC operating conditions. 115
Table 2.22 Graphical calibration data relating to the 5 arsenic species. 116
Table 2.23 CRM data for arsenic spéciation by HPLC-ICP-MS. 117
Table 2.24 CRMs used for QC evaluation in this study. 118
IX
Table 2.25 QC data for water certified reference material NIST SRM® 1643e. 119
Table 2.26 QC data for water certified reference material TMDA 54.4. 119
Table 2.27 QC data for soil/sediment certified reference material NIST
CRM 2711. 120
Table 2.28 QC data for soil/sediment certified reference material GBW 07401. 120
Table 2.29 QC data for soil/sediment certified reference material BCR 601. 121
Table 2.30 QC data for human hair certified reference material NIES CRM
No. 13. 121
Table 2.31 QC data for human hair certified reference material NCS ZC 81002b. 122
Table 2.32 QC data for human hair certified reference material GBW 07601. 122
Table 2.33 QC data for human urine certified reference material NIES CRM
No. 18. 122
Table 2.34 Mean arsenic values in pg/1 obtained for the inter-analytical method
comparison of total and species arsenic in waters. 123
Table 2.35 Student’s t-test teak values for the inter-analytical method comparison for 
total and species arsenic in waters. 124
Table 2.36 Mean total arsenic concentrations (pg/1) and Student’s t-test teak values 
for the inter-analytical method comparison for total ai senic in
human urine. 124
Table 3.1 Total arsenic (range) and physical parameters (range) for smface, tap 
and groundwater collected from San Juan, La Pampa and Rio Negro, 
Argentina. 134
Table 3.2 Total arsenic and arsenic species concentrations for a selection of
sampling sites in the province of San Juan, Argentina. 137
Table 3.3 Total arsenic and arsenic species concentrations for a selection of
sampling sites in the province of La Pampa, Argentina. 138
Table 3.4 Total arsenic and arsenic species concentrations for a selection of
sampling sites in the province of Rio Negro, Argentina. 144
Table 3.5 Total arsenic concentrations throughout the treatment stages of two 
reverse osmosis water heatment works (WTWs) in La Pampa,
Argentina. 146
Table 3.6 Arsenic species concentrations deteimined by SPE throughout the 
treatment stages of two reverse osmosis water treatment works 
(WTWs) in La Pampa, Argentina. 146
Table 4.1 
Table 4.2
Table 5.1
Table 5.2 
Table 5.3 
Table 5.4
Table 5.5
Site details, basic properties, total and species arsenic data for 
surface soil samples from San Juan and La Pampa, Argentina. 163
Site details, basic properties, total and species arsenic data for river 
sediment samples from San Juan and Rio Negro, Argentina. 164
Variations in pre-analysis washing procedures, digestion methods and 
total arsenic analyses for human scalp hair samples.
Classification of arsenic concentrations in human hair samples. 
Classification of arsenic concentrations in human urine samples.
Arsenic species (As™, As^, MA\DMA'" and AB) concentiations in 
washed scalp hair and urine from San Juan, La Pampa and Rio Negro 
study groups.
Ai senic concentrations in paired washed scalp hair and diinking water, 
with calculated ADD and HQ values by demographic group. 187
179
182
183
185
Table 5.6
Table 5.7
Arsenic concentrations in paired urine and drinking water, with 
calculated ADD and HQ values by demographic group. 
Statistical comparisons (F-test and Student’s t-test) of arsenic 
concentrations in washed human scalp hair and urine against 
demographic groups.
188
189
List of Equations
Equation 1.1 Acidity of arsenic acid -  equilibrium 1 9
Equation 1.2 Acidity of arsenic acid -  equilibrium 2 9
Equation 1.3 Acidity of arsenic acid -  equilibrium 3 9
Equation 1.4 Metabolic pathway of inorganic arsenic 31
Equation 1.5 Absolute bioavailability 35
Equation 1.6 Relative bioavailability 1 36
Equation 1.7 Relative bioavailability 2 36
Equation 2.1 Relationship between conductivity and total dissolved solids (TDS) 50
Equation 2.2 Loss-on-Ignition (LOI (%)) 58
Equation 2.3 Hydiide generation 1 66
Equation 2.4 Hydride generation 2 66
Equation 2.5 Distribution coefficient 1 71
Equation 2.6 Distribution coefficient 2 71
Equation 2.7 Electron impact reaction 83
Equation 2.8 Charge transfer reaction 83
Equation 2.9 Penning ionisation reaction 83
Equation 2.10 Saha equation 83
Equation 2.11 Collision cell reaction 1 89
Equation 2.12 Collision cell reaction 2 89
Equation 2.13 Limit of detection (LOD) 93
Equation 2.14 Internal standard correction 97
Equation 2.15 Beer-Lambert Law 108
Equation 3.1 Interconversion of As°^  to As'^ 153
Equation 5.1 Average daily dose equation (ADD) 191
Equation 5.2 Hazard quotient equation (HQ) 192
XI
Abbreviations
3-NHPAA
4-NPAA 
a.s.l.
AAS
AB
AC
ACS
ADD
AES
AES
A1
amu
AN
ANG
APHA
Ar
As
AsHs
As™
ASTDR
As'"
ATG
atm
ATP
B
Ba
Be
C
Ca
CCA
CCT
Cd
Cl
Co
CO
COSHH
Cr
Cr™
CRM
Cr'^
Cu
CU
CV(%)
d.w.
dc
DDW
DEFRA
df
4-hydroxy-3-nitrophenylarsonic acid (Roxaisone) 
4-nitroplienylarsonic acid 
above sea level
atomic absorption spectrometry
arsenobetaine
arsenocholine
American Chemical Society
average daily dose
atomic emission spectrometry
atomic fluorescence spectrometry
aluminium
atomic mass units
Agua Negra
Angualasto
American Public Healtli Association
argon
arsenic
arsine
arsenite
Agency for Toxic Substances and Disease Registry 
arsenate
arsenic tri-glutathione 
atmosphere
adenosine-5'-triphosphate
boron
barium
beryllium
carbon
calcium
chromated copper arsenate
collision cell technology
cadmium
chlorine
cobalt
Rio Colola
Control of Substances Hazardous to Health
chromium
trivalent chromium
ceitified reference material
hexavalent chromium
copper
Cuesta del Viento 
coefficient of variation 
dry weight 
direct current 
double de-ionised water
Department for Environment, Food and Rural Affairs 
degrees of freedom
XU
DMAE
DMAG
DMA™
DMA'"
DNGM
EC
ED
EF
Eh
EN
ET
ET-AAS
EU
F
f.w.
F/A
F/UA
FAO
F calc 
Fcrit
FDA
Fe
Ga
Ge
GF
GPS
GR
GSH
GST
H
He
HG
Hg
HMSG
HOMO
HPLC
HQ
HU
I
IAEA
IC
ICP
ICP-AES 
ICP-MS 
in situ 
in vitro 
in vivo 
In 
Ir 
IS
dimethylarsinoyl ethanol 
dimethylarsinic glutathione 
dimethylarsinous acid 
dimethylarsinic acid
Direccion Nacional de Geologia y Mineria
Eduardo Castex
exposure duration
exposure frequency
redox potential
Encon
electrothermal
electrothermal atomic absorption spectrometry
European Union
fluorine
fresh weight
filtered/acidified
filtered/unacidified
Food and Agiiculture Organisation of the United Nations 
calculated F value 
critical F value
Food and Drug Administration
iron
gallium
germanium
graphite furnace
global positioning system
General Roca
glutathione
glutathione S-transferase
hydrogen
helium
hydride generation 
mercury
Her Majesty’s Stationeiy Office
highest occupied molecular orbital
high perfoimance liquid chromatography
hazard quotient
Huaco
iodine
International Atomic Energy Agency 
ion chromatography 
inductively coupled plasma
inductively coupled plasma atomic emission spectrometry
inductively coupled plasma mass spectrometry
in the original position
experiment taking place in a living organism
experiment taking place outside a living organism
indium
iridium
internal standard
XIll
lUPAC
K
k’
Kcal
Kd
LD50
LDR
Li
LOD 
LOI 
LU
LUMO
M
m/z
MADG
MA™
MA'"
Mg
Mn
Mo
MS
N
Na
Ni
NIR
NQ
NRG
O
O3
ODS
Oxo-gly
OX0 -PO4
OX0 -SO3
OX0 -SO4
P
P
PAA
Pb
J9-ASA
PEEK
PEA
pH
pKa
PTFE
/7-UPAA
QC
R
P}
Rb
RC
International Union of Pure and Applied Chemistry
potassium
capacity factor
kilocalorie
distribution coefficient
letlial dose at 50% of tlie population
linear dynamic range
lithium
limit of detection 
loss-on-ignition 
Ingeniero Luiggi
lowest unoccupied molecular orbital 
molarity
mass-to-charge ratio
monomethyl arsenic glutathione
monomethylarsonous acid
monomethylarsonic acid
magnesium
manganese
molybdenum
mass spectiometry
nitrogen
sodium
nickel
near infrared 
Niquivil
National Research Council of the United States
oxygen
ozone
octadecyl
oxo-ai'senosugar-glycerol
oxo-ai'senosugar-phosphate
oxo-arsenosugar-sulphate
oxo-aisenosugar-sulphonate
phosphorus
probability level
phenylarsonic acid
lead
p-arsanilic acid 
poly(ether ether ketone) 
perfluoroalkoxy
per hydrogen (pH = -  logio[H"])
acid dissociation constant (pKa = -logio Ka)
polytetrafluoroethylene
p-Ureidophenylarsonic acid
quality control
Pearson product moment correlation coefficient 
linear regiession 
rubidium 
Rio Colorado
XIV
RD reference dose
Re rhenium
RF radio frequency
Rh rhodium
RJ Rio Jachal
RN Rio Negro
RO reverse osmosis
RP reverse phase
rpm revolutions per minute
rs Spearman’s rank correlation coefficient
RSD (%) relative standard deviation
S sulphur
SAHC iS'-adenosylhomocysteine
SAM *S-adenosylmethionine
SAX strong anion exchange
Sb antimony
Sc scandium
SCX strong cation exchange
SD standai'd deviation
SDWA Safe Drinking Water Act
Se selenium
Se^ '^ selenite
Se'" selenate
-SH sulphydryl group
Si silicon
SJ San Juan
Sn tin
SPE solid phase extraction
Sr strontium
tcalc calculated t value
tc iit critical t value
TDS total dissolved solids
Te tellurium
TeMA tetramethylarsonium ion
Ti titanium
TMA™ trimethylarsine
TMAO trimethylarsine oxide
TMAP trimethylarsonioproprionate (arsenobetaine-2)
U uranium
UN United Nations
USEPA United States Environmental Protection Agency
uses United States Geological Survey
UV/Vis ultraviolet/visible
V vanadium
v/v volume/volume
Vo void volume
Vr retention volume
WHO World Health Organisation
WTW water treatment works
Zn zinc
XV
Acknowledgements
I would like to express a special thanks to a number of people for their assistance, 
support and guidance throughout the duration of my PhD, namely:
Prof. Neil I. Ward (academic supervisor) for his constant encouragement, enthusiasm 
and perseverance over the course of the reseaich project and Prof. D. Povey (academic 
co-supervisor).
Dr. Michael Watts (industrial supervisor) at the British Geological Survey in 
Nottingham, for his invaluable input, assistance, motivation, time and effort.
Andrea Marcilla (University of Surrey) for her indisputable knowledge of the 
Argentinean language, without which the field trips to Argentina would have been 
almost impossible. Adrian Brizio, Adrian Fenocchio, Dr. Ricardo Baglieri and Viviana 
Alegre, for their assistance in the sample collection in Argentina.
All the members of staff within the Chemical Sciences Department who have aided me 
throughout my research, particularly Dan Driscoll, Judith Peters and Graham Wright.
The vast array of people in the Analytical Geochemistry laboratory at the British 
Geological Survey, especially, Tom Barlow, Kate Breward, Dr. Simon Chenery, Kay 
Green and Richard Shaw, for their time and expertise. Dr. Louise Ander, for her 
guidance on statistical analysis and all things geochemical.
The British Geological Survey University Funding Initiative (BUFI) and the EPRSC for 
funding this research project.
Caroline Levay (Phenomenex), James Stratta (Varian) and Gemma Winder (Hichrom) 
for their extensive knowledge of solid phase extraction.
Kath and Derek Oakley (owners of the best B&B in Keyworth) for their very kind 
hospitality and friendship on my many visits to the British Geological Survey.
A special thanks to all my friends, especially Jenny Barkworth, Gemma ffitch and 
Simon Poynton for keeping me sane (very much appreciated!).
And finally, to my wonderfiilly loving family -  Mum, Dad, John and Nan, for 
suppoiting me in everything I choose to do.
THANK YOU ALL!
xvi
Chapter One
General Introduction
1.0 Introduction
In 1993, the World Health Organisation (WHO) revised its guideline level for arsenic 
(As) in drinking water from 50 to 10 pg/1 As (Table 1.1) (WHO, 1993). Argentina still 
adopts the former WHO limit of 50 pg/1 As as its national drinking water standard 
(Frisbie et aL, 2005). The new WHO recommended value came in as a direct result of 
the increased awareness of the toxicity of arsenic, particularly its carcinogenicity (Jong 
& Pariy, 2005). Human exposure to arsenic can occur through a variety of pathways, 
including air, water, soil and food (Mandai & Suzuki, 2002). Arsenic exposure 
tlirougli food poses a substantial risk to humans in certain parts of the world, 
particularly in Asia from the consumption of staple foods such as rice and vegetables, 
which have been irrigated with As-rich groundwater (Meharg et a i, 2009; Mondai & 
Polya, 2008; Kile et aL, 2007; Smith et aL, 2006), However, drinking water is seen to 
pose the most significant risk to human health in Argentina, primarily through 
consumption and cooking, this is due to the various potential sources of arsenic present 
in the region, such as in groundwater and siurface water (Nguyen et aL, 2009; Asante et 
aL, 2007; Ning eta l, 2007; Ohno eta l, 2007).
Table 1.1: Baseline water quality values for drinking, irrigation and livestock.
WHO 
drinking 
water Omits 
(pg/1)
USEPA 
drinking 
water limits 
(pg/1)
FAO 
irrigational 
water limits 
(iig/i)
FAO livestock 
drinking water 
limits 
(pg/1)
Antimony 5 6
Arsenic 10 10 100 200
Boron 300 - - 5000
Chromium 50 10 100 1000
Copper 2000 1300 200 500
Lead 10 0 5000 100
Manganese 400 50 200 50
Mercury 1 2 - 10
Molybdenum 70 - 10 -
Nickel 20 200 -
Selenium 10 50 20 50
Uranium 15 30 - -
Zinc - 50 2000 24000
USEPA -  United States Environmental Protection Agency; FAO -  Food and Agriculture Organisation 
of the United Nations
Source: Radojevic & Baskin, 2006; USEPA, 2003; FAO, 1994; WHO, 1993
In recent years various studies have highlighted that countries such as Argentina, 
Bangladesh and Chile were experiencing high total concentrations of natural and 
anthropogenic (man-made) arsenic in drinking water from newly identified sources 
(Francisca & Carro Perez, 2009; Halim et al, 2009; Bhattacharya et a l, 2006; 
Oyarzun et al, 2004; Ng et a l, 2003; Smedley et al, 2002; Queirolo et a l, 2000). 
The most common sources of arsenic in the natural environment are volcanic rocks 
(specifically their weathering products and ash), marine sedimentary rocks, 
hydrothermal ore deposits and associated geothermal waters, and fossil fuels, including 
coals and petroleum (Wang & Mulligan, 2006; Smedley & Kinniburgh, 2002). 
Anthropogenic activity, such as gold mining, has contributed to a sharp rise in natural 
arsenic concentrations reported for many artesian water supplies, often exceeding 600 
pg/1 As (Duker et al, 2005; Farias et al, 2003; Plant et al, 2003). Local 
communities use these water supplies for drinking, cooking (Tseng, 2009; 
Roychowdhuiy et a l, 2005), cattle watering (Nriagu et al, 2007) and crop irrigation 
(Bhattachaiya et al, 2007; Hossain, 2006; Bundschuh et al, 2004), creating a 
possible pathway for the arsenic to enter both the animal and human populations.
Like many other trace elements, arsenic has been shown to be both beneficial and toxic 
to human health (Zheng et al, 2008; Hughes, 2002; Jain & All, 2000). This 
distinction is established by the species in which the element is present. Some chemical 
species are suggested to be more toxic to humans than others, outlined by their lethal 
dose for 50% of the population (LD50) values as reported in Table 1.2 for arsenic 
(Choong eta l, 2007; Hughes, 2002; Vahter, 2002; Jain & Ali, 2000).
Table 1.2: Experimental LD50 values of arsenic species.
Arsenic species Abbreviation LD50 (mg/kg)
Arsenite (arsenous acid) As" 10-20
Arsenate (arsenic acid) As^ 10-20
Monomethylarsonous acid MA^ 2
Monomethylarsonic acid MA^ 700 -1600
Dimethylarsinous acid DMA^“ 10-20
Dimethylarsinic acid DMA'" 700-2600
Tetramethylarsonium ion TeMA 890
Trimethylarsine oxide TMAO 10600
Arsenocholine AC >6500
Arsenobetaine AB >10000
Source: Ali & Aboul-Enein, 2006; Leermakers et al, 2006; Xie et a l, 2006; 
Raab & Feldmann, 2005a; Vela eta l, 2001; Le e ta l, 2000a
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The margin between an element’s beneficial and toxic capability is extremely narrow, 
so carefiil monitoring must be carried out (Adair, 2002). Therefore spéciation analysis 
is crucial to providing identification and quantification of the chemical species of an 
element, aiding in the diagnosis of diseases related to elemental-contamination 
(Michalke & Caroli, 2005; Ray et al, 2004).
1.1 T race Elements and Ultra-T race Elements
Chemical elements can be categorised as either major, minor, trace or ultra-trace 
depending on their concentrations in the environment or the body (Nielsen, 2000). 
Elements classed as trace occur at levels of 10 to 10^  pg/1 (body content 0.01 to 100 
mg/kg) or as ultra-trace when they occur at less than 10 pg/1 (body content less than 
0,01 mg/kg) (Lockitch et at,, 1997). In waters (surface/ground/fi'esh), the main trace 
and ultra-trace elements are: Al, As, B, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, Se, Ti, 
V and Zn (Table 1.3) (Turetta et al, 2004; Ward, 2000). In soils they generally 
consist of: As, B, Be, Cd, Co, Cr, Cu, Fe, I, Mn, Mo, Ni, Pb, Se, Sn and Zn (Plerzynski 
et al, 2005; Kabata-Pendias, 2004), However, within the human body, the major 
essential elements (12) are -  C, Ca, Cl, H, K, Mg, N, Na, O, P, S, Si; and trace and 
ultra-trace elements (14) are -  As, Co, Cr, Cu, F, Fe, I, Mn, Mo, Ni, Se, Sn, V, and Zn 
(Adair, 2002).
1.1.1 Total Elemental and Trace Elemental Spéciation
Spéciation analysis was developed to help provide the required information about 
mobility, bioavailability and the homeostatic impact of elements in both environmental 
systems and biological organisms, particularly in relation to human health (Gomez- 
Aiiza et a l, 2004; Michalke, 2003). It was realised that this physico-chemical 
information could not be obtained by the determination of total or trace elemental levels 
alone. The total level being the sum of a trace element’s concentrations in all chemical 
species containing that particular trace element (Michalke, 2003). The ability to 
identify the chemical species of an element is fundamental in understanding their 
function in chemical and biological reactions, as well as supplying information on 
toxicity and/or essentiality (Michalke & Caroli, 2005; Franzle & Markert, 2000).
Table 1.3: Typical natural trace element concentrations of fresh-, river- and seawater.
Trace element Concentration (pg/1)
Fresh River Sea
Al 10 50 2
As 0.5 2 3
B 10 10 5000
Co 0.05 0.2 0.02
Cr 1 1 0.05
Cu 3 5 2
Fe 500 40 2
Hg 0.07 0.007 0.03
Mn 10 7 0.2
Mo 0.5 1 10
Ni 0.5 0.3 0.5
Pb 1 3 0.03
Sb 0.2 0.3 0.2
Se 0.2 0.2 0.1
Ti 5 10 1
V 0.5 1 2.5
Zn 15 20 10
Source: Radojevic & Baskin, 2006; Ward, 2000
The term “spéciation analysis” refers to the analytical process of identifying and 
quantifying species within an element (Templeton et al, 2000). The official 
International Union of Pure and Applied Chemistry (lUPAC) definition denotes 
spéciation as “the process yielding evidence of the atomic and molecular form of an 
analyte” (Feldhaus et a l, 2002). Further descriptions on spéciation have been 
published, expressing it as “identifying and quantifying the risks posed to human health 
and the environment by the various forms under which an inorganic analyte may occur” 
{Akier et a l, 2005; Quevauviller, 2001; Lobinski, 1998; Caroli, 1995)
It is generally not considered possible to prove that the concentrations of different 
chemical species equals that of the total concentration of an element in a given matrix 
(Feldmann, 2005; Templeton et al, 2000), due to the unstable nature of the chemical 
species in a given sample. During the procedure, partitioning of the element among its 
species may be altered (for example, as a result of a change in pH) (Ali & Aboul- 
Enein, 2006). In numerous cases a high quantity of individual species will make it 
impossible to determine the exact spéciation, therefore the rule is then to identify 
various classes of the elemental species (Comelis e ta l, 2003).
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It has been suggested that the term “spéciation” can relate to: (i) comprehensive species 
analysis, “in which the concentrations of the distinguished (known or unknown) 
molecular forms sum up to the total elemental concentration in a sample”; and (ii) 
selected species analysis, “which is restricted to a selected number of (known or 
unknown) molecular forms which do not necessarily explain the total elemental 
concentration” (Iyengar et al, 1998). Therefore, it is vital that the balance be made 
between the total element concentration in a matrix and, the sum of the measured 
elemental concentration of the various species, whereby the latter should not exceed the 
former (Cornells et aL, 2003).
1.1.1.1 Environmental
The environment contains a countless number of hgands and metal complexes (Table 
1.4) formed from both endogenous (originating within) and exogenous (originating 
externally) sources (Williams, 1999).
Table 1.4: Possible forms of trace elements.
Possible forms of trace elements Example
Simple ionic species Zn(H20)6°
Differing valency states As‘“, A s\ Cr“‘, Cr"
Weak complexes Cu-ftilvic acid
Adsorbed on colloidal particles Cu-Fe(0H)3 -  humic acid
Lipid-soluble complexes CHsHgCl
Organometallic species CH3As(OH)2,Bu3SnCl
Particulate Metals adsorbed onto it contained within clay
particles
Source: Florence, 1991
Many challenges are being faced in environmental research, which are assisted by a 
knowledge of spéciation. Firstly, the environment is in a state of labile equilibrium, the 
introduction of an industrial/domestic-use hgand may displace this equilibrium, as 
might the removal of a sample for analysis (Cornells et aL, 2003). For example, 
organometals are present in the environment eitlier through the result of direct 
méthylation (in situ as for example, with mercury (Hg)) or resulting from direct 
anthropogenic inputs (Figure 1.1).
Natural méthylation reactions occur under specific conditions, whereby generally, the 
yield of these reactions is very low, both in natural waters and sediments (Ansari et 
2004; Quevauviller, 2001). However, the new chemical form of the element can have 
a huge impact on its toxicity, as is the case of mercury (methylmercury being more 
toxic than metallic mercury), or less harmful as in the case of arsenic, in which toxicity 
decreases with increasing degrees of méthylation (Patra et a l, 2004; Quevauviller, 
2001). These changes in the elemental form result in profound changes to its physico­
chemical properties, and can greatly affect the toxicity and translocation between the 
different compartments of the environment (Ehrenfeld et a l, 2005; Quevauviller, 
2001).
Hg",Hg(p, *
Hg‘‘,Hg(p),CH3Hg^
ÆZZZ Hg" + H 2 0 2 -A H /// (CH3)2Hg
/ /  A / /
Hg^'^-">.Hg -^ -“ ic.(CH3)2Hg
^  / f '
CH3Hg*
Fluxes of mercury 
Transformation of mercury 
Microbially mediated
HsHg^
A
i^(CH3)2Hg
^(CH3)2Hg2HgS 2S -^ + Hg"
CHjHg*
Figure 1.1: Mercury cycle in the biosphere (Horvat & Gibicar, 2005).
LL1.2 Biological
A high degree of chemical spéciation can exist for any trace element in biological 
systems, which can either aid or hinder homeostasis (Williams, 1999; Fairweather- 
Tait & Hurrell, 1996).
Homeostasis is the term used to describe 'the ability of the body to maintain the content 
of a specific substance within a certain range despite varying intakes” (Nielsen, 2007). 
The processes involved in homeostasis are adsorption, storage, and excretion. The 
relative importance of these three processes varies among the trace elements. The 
quantity digested in the gastrointestinal tract is often a principal controlling fector for 
trace elements required in the cationic state (Williams, 1999). Trace elements in the 
negatively charged anionic state are generally absorbed quite freely and thoroughly 
from the gastrointestinal tract. Excretion via urine, bile, sweat, and breath is, therefore, 
the primary mechanism for regulating the amount of these trace elements in an 
organism (Nielsen, 2007). Elevated levels of trace elements are prevented from causing 
adverse reactions when they are stored in inactive sites. Release of a trace element or a 
specific elemental species from a storage site can also act as an important role in 
elemental deficiencies (Fairweather-Tait & Hurrell, 1996). The valency of an 
element can greatly affect its biological action (Nordberg et a l, 2007; Templeton, 
1998). For example, arsenite (As^ )^ is much more toxic than arsenate (As^) (Jitmanee
2005).
1.2 Arsenic
1.2.1 Basic Chemistry
Arsenic is a metallic element found at atomic number 33 (Group 5) in the Periodic 
Table (Pais & Benton Jones, 1997). It has an atomic mass of 74.92 g/mol, an electron 
configuration of [Ar] 3d °^ 4s  ^4p  ^ and an ionic charge of -III (Vaughan, 2006). The 
physical properties of arsenic comprise of: melting point 1090 K, boiling point 887 K 
(sublimation) and critical temperature 1673 K (Vaughan, 2006).
Arsenic has also been found to display similar chemical characteristics to that of its 
predecessor phosphorus. Similar to phosphorus, it forms colourless, odourless, 
crystalline oxides, such as AS2O3 and AS2 O5 (Assembly of Life Sciences, 1977). These 
oxides are hygroscopic (attract water from the atmosphere) and are readily soluble in 
water forming acidic solutions (Helsen et a l, 2004). Arsenic acid (H3ASO4), like 
phosphoric acid (H3PO4), is a weak triprotic acid, comprising of three readily available
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ionizable hydrogens (Dutta et aL, 2004). Its acidity can be described by the following 
three equilibria equations (Dutta et at., 2004):
AsO(OH) 3  + A s02(0H )2  pKai =  2.3 Equation 1.1
A s02(0H )2  •<-> HT +  A s0 3 (0H )^' pKa2 =  6.8 Equation 1.2
As0 3 (0H)^' KT + As0 4 *^ pKa3 = 11.6 Equation 1.3
Tlie highly basic arsenate ion, As0 4 ‘^, is the product of the third ionisation (Equation 
1.3). Unlike phosphoric acid, arsenic acid is oxidising, demonstrated by its ability to 
convert iodide to iodine (Raab & Feldmann, 2005a; Burguera & Burguera, 1997).
The similarity of arsenic with phosphorus is so great that it will partly substitute for 
phosphorus in biochemical reactions and as a consequent is poisonous (Assembly of 
Life Sciences, 1977).
1.2.2 Species of Arsenic
Arsenic has several oxidation states (+III, +V, 0, -III) in a variety of organic and 
inorganic forms (Crompton, 2006; Prohaska & Stingeder, 2005; Hughes, 2002; Jain 
& All, 2000):
• 0 : elemental arsenic, formed by the reduction of arsenic oxides;
• -III: arsenides (usually alloy-like intermetallic compounds);
• +III: arsenates (3+) or arsenites (along with most organoarsenic compounds); and
• +V : arsenates (the most stable inorganic arsenic oxy-compounds).
In the oxidation state, the stereochemistry of arsenic is affected by the possession 
of a lone pair of electrons (Prohaska & Stingeder, 2005). The most common species 
found in the environment are shown in Figure 1.2.
Extensive toxicity studies of arsenic have shown that different species exhibit different 
toxicities (Leermakers et al, 2006; B Hymer & Caruso, 2004; Kot & Namiesnik, 
2000). In terms of the species shown in Figure 1.2, inorganic arsenic species are 
regarded as more toxic than organic compounds.
With the exception of the tetramethylarsonium (TeMA) ion, toxicity generally decreases 
with an increasing degree of méthylation (Leermakers et al, 2006; Alexeeff & Fan, 
2004).
OH OH OH CHs
I I I  I
HO —As HO —As = 0  HsC —As = 0  HO —As = 0
I I I  I
OH OH OH CH3
Areenite Arsenate Monomethylarsonic acid Dimethylarsinic acid
[As“] [As^ ] [MA^ ] [DMA'"]
CH3 CH3 CH3 CH3
H3C —As^—CH3 H3C—As = 0  H3C —A s+/^C O O ' H3C —A s ^ /" ^ ^ ^
I I I  I
CH3 CH3 CH3 CH3
Teti'amethyiai'sonium ion Tiimethylarsine oxide Arsenobetaine Arsenocholine
[TeMA] [TMAO] [AB] [AC]
O^Y^OSOs'
O I T  OR
CH3 0"^ \
Dimethylarsinylribosides Trimethylarsonioribosides Glycerylphosphoi-ylarsenocholine
-(CH3)2As(0 ) - ^  -0 P0 3HCH2CH(0 H)CH2 0 H
-(CH3)2As(0 )-  .SO3H  ^ C0(CH2)„CH3)
-(CH3)2As(0 ) - -OSO3H
H3C —As
Figure 1.2: Structural data for the most common arsenic compounds in the
environment (Leermakers et al, 2006; Raab & Feldmann, 2005a; 
Francesconi e ta l, 1998).
Many other species of arsenic have been detected in biological systems as well as the 
environment (Pellizzari & Clayton, 2006; Melamed, 2005; Francesconi & Kuehnelt, 
2004; Gong et al, 2002; Francesconi et a l, 1998). The oxidation state of the arsenic 
in the compound will determine its nomenclature (Table 1.5) (Francesconi & 
Kuehnelt, 2004).
10
Table 1.5: Nomenclature of arsenic compounds in environmental and biological 
systems.
Name Abbreviation Chemical formula
Arsenite (arsenous acid) As™ As(0H)3
Arsenate (arsenic acid) As'' AsO(OH)3
Monomethylarsonous acid MA™ CH3As(OH)2
Monomethylarsonic acid m a ' ' CH3AsO(OH)2
Dimethylarsinous acid DMA™ (CH3)2AsOH
Dimethylarsinic acid DMA'' (CH3)2AsO(OH)
Dimethylarsinoyl ethanol DMAE (CH3)2AsOCH2CH2 OH
Tetramethylarsonium ion TeMA (CH3)4AS+
Tiimethylarsine oxide TMAO (CH3)3AsO
Arsenobetaine AB (CH3)3As^ CH2COO-
Trimethylarsonioproprionate 
(Arsenobetaine 2 )
TMAP
(AB-2) (CH3)3As^ CH2CH2COO-
Arsenocholine AC (CH3)3As+CH2CH20H
Trimethylarsine TMA™ (CH3)3AS
Arsines AsH3, MeAsH2 , (CH3)xAsH3.xMc2AsH (x = 0-3)
Ethylmethylarsines EtxAsMe3-x (CH3CH2)xAs(CH3)3_x (x = 0-3)
Phenylarsonic acid PAA C6H5AsO(OH)2
Dimethylarsmylribosides (Arsenosugars)
HO OH
Oxo-arsenosugar-glycerol
Oxo-arsenosugar-phosphate
Oxo-arsenosugar-sulpliate
Oxo-arsenosugar-sulphonate
Oxo-gly or X 
OXO-PO4 or XI 
Oxo-SOs or XII 
OX0 -SO4 or x n i
R  = OCH2CHOHCH2OH 
R = 0P03HCH2CH(0H)CH20H 
R = OCH2CHOHCH2SO3H 
R = OCH2CHOHCH2OSO3H
Arylarsenicais used as animal feed additives
p-Arsanilic acid p-ASA NH2C6H4AsO(OH)2
4-Nitrophenylarsonic acid 4-NPAA N02C6H4As0(0H)2
4-Hydroxy-3-nitrophenylarsonic 
acid (Roxarsone) 3-NHPAA N02(0H)C6H4As0(0H)2
p-Ureidophenylarsonic acid p-UPAA NH2CONHC6H4AsO(OH)2
Source: Rami et al^ 2006; McSheehy & Mester, 2003; Gong et aL, 2002; Koch et 
aL, 1999
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1.2.3 Sources of Arsenic -  Natural and Anthropogenic
In nature, arsenic exists in a metallic state, predominantly in 3 main allotropie forms as 
well as several ionic forms (Zuckerman & Hagen, 2007). Environmental arsenic 
exists mainly as sulphide complexes, such as realgar (AszSi), orpiment (AS2S3) and iron 
pyrites (Figure 1.3) (Zuckerman & Hagen, 2007). Sublimation and oxidation of 
arsenic from the heating of these ores leads to the production of arsenic trioxide 
(AS2O3), more widely known as '"white arsenic”. It is estimated that about one-third of 
the arsenic in the earth’s atmosphere is of natural origin, with the remainder being 
contributed to through antliropogenic origin (WHO, 2001).
Arsenate
H3ASO4
reduction
oxidation
sorption
adsorp.
, Monomethyl - 
Arsenite j arsonic acid 
i CH3
reduction |
H 3ASO 3---- !— ► H O — As—OH
méthylation
reduction 
(also microbial reduction)
FeAs04
▼
AS2 S3
O
reduction
oxidation
Dimethyl - 
arsinic acid 
CH3
I
► HO—As—CH3 
O
(Cacodylic acid)
s
CH3
I
H—As—CH3
Dimethylarsine
CH3
I
H 3C—As—CH3
Trimethylarsine
Figure 1.3: Simplified transformation pathway of arsenic in the enviromnent 
(Prohaska & Stingeder, 2005).
Î.2.3.1 Air
About one-third of the arsenic released into the air (about 8,500 tons per year) derives 
from natural sources such as volcanic eruptions and forest fires. Levels of arsenic in the 
air generally range from 1 -  2000 ng/m\ depending on factors such as location, weather 
conditions and local industrial activity (Chou & De Rosa, 2003). Airborne arsenic 
releases also enter the environment through anthropogenic processes such as:
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• the burning of fossil fuels (especially coal);
• metal production (such as gold and base metal mining);
• electricity production;
• agricultural use (in pesticides and feed additives); or
• waste burning (Health Canada, 2006; Gidhagen et al, 2002; Lui et al,
2002).
The presence of airborne inorganic arsenic and contaminated dust can lead to inhalation, 
a common health concern in tin, gold and uranium mines (Tapio & Grosche, 2006; 
Chen & Chen, 2002; Tomasek & Darby, 1995; Kusiak et al, 1991), as well as 
copper smelters (Lubin et al, 2000; Viren & Silvers, 1994). In copper smelters 
airborne arsenic is not bound to dust particles. The major arsenic compound in smelters 
is arsenic trioxide (AS2O3), although there is also evidence of arsenic sulphides being 
present (Tapio & Grosche, 2006).
Under the Control of Substances Hazardous to Health (COSHH) Regulations, arsenic 
and its compounds have been assigned a maximum exposure limit (Health and Safety 
Executive, 2002). This limit was put in place to prevent the excessive inhalation of 
arsenic into humans. The hmit states that “exposure to airborne arsenic concentrations 
should not exceed 0.1 ng/m  ^of air averaged over an 8-hour period” (Health and Safety 
Executive, 2002).
1.2.3.2 Waters
Arsenic is widely distributed throughout the earth’s crust (Table 1.6), with an average 
concentration ranging from 1.5 to 5 mg/kg As (Wang & Mulligan, 2006; Mandai & 
Suzuki, 2002; Ning, 2002). The natural introduction of arsenic (mainly inorganic) into 
water occurs through the dissolution of minerals and ores and through volcanic activity 
(Mandai & Suzuki, 2002; Smedley & Kinniburgh, 2002). Arsenic concentrations in 
groundwater in some areas are fiirther elevated as a result of erosion from local rocks 
(Smedley & Kinnibui^, 2002; WHO, 2001). Arsenic may also get into water 
through the discharge of industrial wastes and by the deposit of arsenic particles in dust 
(refer to Section 1.2.3.1), or dissolved in rain or snow (Wang & Mulligan, 2006).
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Table 1.6: Arsenic concentrations in environmental media (mg/kg unless stated).
Environmental media Arsenic concentration range
Air, ng/m"* 1.5-53.0
Rain from unpolluted ocean air, pg/1 0.019
Rain from terrestrial air, pg/1 0.46
Rivers, pg/1 0.2-264
Lakes, pg/1 0.38 -  1000
Ground (well) water, pg/1 < 1 - > 1 0 0 0
Seawater, pg/1 0.15-6.0
Soil 0 . 1  - 1 0 0 0 *
Stream/river sediment 5-4000*
Lake sediment 2-300*
Igneous rock 0.3-113*
Metamorpliic rock 0-143*
Sedimentary rock 0.1-490*
Biota -  green algae 0.5-5.0*
Biota -  brown algae 30*
 ^dry weight (d.w.) 
Source: Ning, 2002
The chemical species of arsenic, which can exist in the natural environment heavily 
influence its mobility, adsorptivity and toxicity (Ascar et al, 2008). In solution, arsenic 
primarily occurs as the inorganic arsenate (As^) species (H2ASO4" and HAs0 4 '^) and the 
uncharged arsenite (As™) species (HsAsOs^), as shown in Figure 1.4 (Gault et al, 
2005a; Kumaresan & Riyazuddin, 2001). The organic species monomethylarsonic 
acid (MA^), and dimethylarsinic acid (DMA^), have also been measured in surface and 
groundwater at the sub pg/1 level (Smedley & Kinnibui^h, 2002). Variations in redox 
potential and pH will affect species predominance and the distribution between aqueous 
and sohd phases. The mobility of inorganic arsenic (As?° and As^) under reducing 
conditions in aquifers has been widely reported (Nath et al, 2008; Bhattacharya et al, 
2007). Arsenic mobilisation under oxidising conditions is also recognised as an 
important process, especially in the contamination of water affected by oxidation of 
sulphide minerals (Schreiber et al, 2001). Very high concentrations of aqueous 
arsenic are achievable under these conditions, however its mobilisation is heavily 
restricted due to the strong adsorptive capacity of metal oxides in soils and sediments, 
especially in the presence of iron (Fe) oxides (Scanlon et al, 2009; Smedley et al,
2002). Although, under oxidising conditions and high pH (~ 8.5 -  9.5), arsenic is often
14
less strongly bound to Fe oxides than at lower pH ranges, allowing for an enhanced 
mobility (Verplanck et aL^  2008).
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Figure 1.4:Eh-pH diagram for aqueous arsenic species in the system As-Fe-O-H-S in 
water at 25®C, 1 bar pressure with total arsenic 10"^  M (Daus et aL, 2002).
If these conditions persist in aquifer environments, elevated aqueous arsenic 
concentrations may be a widespread occurrence. The shallow groundwater aquifers in 
the Chaco-Pampean Plain of Argentina are a good example (Gomez et aL, 2009; 
Mukheijee et aL, 2008; Bundschuh et aL, 2004). High concentrations of total arsenic 
and other trace elements (B, F, Mo, V, U) have been reported to cause water-quality 
problems in aquifers from the provinces of Cordoba, Santa Fe and Buenos Aires, as 
well as La Pampa (Gomez et aL, 2009; Smedley et aL, 2005).
Given that arsenic fonns anions in solution, it does not form complexes with simple 
anions like Cl" and S0 4 '^, unlike cationic metals (Brimer, 2005). Anionic arsenic 
complexes, instead, display ligand-like behaviom in water (Kumaresan & 
Riyazuddin, 2001). Arsenic forms bonds with organic sulphur, nitrogen and carbon
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(Smedley & Kinnibui^h, 2002). reacts with sulphur and sulphydryl groups such 
as cystine, organic dithiols, proteins and enzymes, but does not react with amine groups 
or organics with reduced nitrogen constituents (Kumaresan & Riyazuddin, 2001). 
However, As^ does react with reduced nitrogen groups such as amines, but not 
sulphydryl groups. Carbon forms organoarsenicals with both the trivalent and 
pentavalent forms (Kumaresan & Riyazuddin, 2001). The complexation of As °^ and 
As^ by dissolved organic matter in natural environments precludes sorption and co­
precipitation with solid-phase organics and inorganics (Wilkin & Ford, 2006; Malina,
2004). Essentially, the process of complexation increases the mobility of arsenic in 
aquatic systems and in the soil (Szramek et al, 2004). Figure 1.5 illustrates a typical 
cycle of arsenic in a stratified lake.
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Figure 1.5: Local cycle of arsenic in a stratified lake (Ferguson & Gavis, 1972).
1.2.3.3 Soils and Sediments
Arsenic is a naturally occurring element in the earth’s crust (Reimann et al, 2009), 
with an average crustal abundance of 1.5 mg/kg As (Vaughan, 2006; Smedley & 
Kinnibui^h, 2002). The risk to humans from environmental arsenic contamination can 
arise from numerous routes (air, soil, dust, water, food) (Meharg et a l, 2009; Nriagu et 
al, 2007; Ohno et al, 2007; Shraim et a l, 2003; Mandai & Suzuki, 2002). Volcanic 
activity, the weathering of rocks by wind or water erosion and mining are the primary 
routes for arsenic contamination in soil (Wang & Mulligan, 2006). However, as many 
arsenic compounds tend to adsorb to soils, leaching usually results in transportation 
over only short distances in soil (WHO, 2001). More soluble forms of arsenic may 
leach into surface and/or groundwater through rainfall or snowmelt (WHO, 2001). 
Baseline concentrations of arsenic in soils are generally of the order 0.4 -  70 mg/kg As
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(d.w.) (Rodriguez et aL, 2003; Smedley & Kinniburgh, 2002; Ward, 2000). An
average baseline concentration of arsenic in world soils is 7.2 mg/kg As (d.w.) (Patinha 
et ah, 2004). Higher concentrations of arsenic (-13 mg/kg As d.w.) have been reported 
in peats and bog soils, as a result of the increased prevalence of sulphide mineral phases 
under reduced conditions (Smedley & Kinniburgh, 2002). Arsenic is frequently found 
in soils m combination with S, Se and Te (Kabata-Pendias, 2001). Numerous oxide 
minerals of arsenic are a result of the oxidation of sulphide deposits, the most common 
of which is arsenopyrite (FeAsS) (Craw et ai, 2003).
All rocks contain some arsenic (generally uniformly distributed) typically 1 -1 5  mg/kg 
As (d.w.) (Vaughan, 2006). Higher concentrations are found in some igneous and 
sedimentary rocks (Table 1.6). Sedimentary rocks can be more variable, with high 
arsenic concentrations (20 -  200 mg/kg As) found in organic-rich and sulphide-rich 
shales, sedimentary ironstones, phosphatic rocks, and some coals (Plant et al, 2003). 
Soils formed by the weathering and breakdown of rock to clays usually range from 0.4 
to 70 mg/kg As (d.w.), and contain on average 2 - 3  mg/kg As (d.w.) (Table 1.7) 
(Craw, 2005; Chou & De Rosa, 2003). Raised levels of arsenic in soils occur only 
locally, but in areas of former industrial activity it may cause environmental concern 
(Bhattacharya et a l, 2007; Kabata-Pendias, 2001; Smith et a l, 1998). Arsenic 
released anthropogenically is often to land or soil, principally in the form of pesticides 
or solid wastes (Lima et al, 2003).
Arsenic has a great affinity to form or to occur in many minerals, and of over 200 As- 
containing minerals, approximately 60% are arsenates, 2 0 % sulphides and sulpho-salts, 
with the remaining 2 0 % arsenides, arsenites, oxides, alloys and polymorphs of 
elemental arsenic (Plant et al, 2003). Under reducing conditions, As^ ^^  tends to 
dominate in soils (thermodynamically more stable than As^). However elemental 
arsenic and arsine may also be present (Khan et a l, 2006). As °^ compounds are not 
common in hypergenic environments (Kabata-Pendias, 2001). In acidic well-drained 
soils, arsenic would fevour the As^ form H2ASO4", whereas in alkaline soils it would 
reside as HAs0 4 ‘^. Oxidation, reduction and adsorption of arsenic can occur in soils 
particularly with oxides of aluminium, iron and manganese, as well as dissolution, 
precipitation and volatilisation (Sadiq, 1997). The presence of aluminium oxides or 
hydroxides and clay in acidic soils may influence arsenic adsorption. Carbonates have
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been reported to effect arsenate adsorption at pH > 9, whereas phosphates substantially 
suppress arsenate adsorption by soil. However, effects vary between soil types (Liu et 
aL, 2001).
Table 1.7: Typical natural trace element concentrations of surface soils, plants and 
foodstuffs.
Trace element Concentration^ (mg/kg, d.w.)
Soil Plant Plant foodstuffs^
A1 3% (0.5-4.5%) 200 (6-3500) 15 (3 -  140)
As 2.5 (0.4-70) 0.15 (0.009-1.5) 0.08 (0.003-0.3)
B 30 (8-140) 5 (1-30) 5 (0.8-10)
Co 8 (0.2-50) 0.08 (0.03-0.6) 0.07 (0.008-0.2)
Cr 60 (5-1100) 0.2 (0.02-0.2) 0.05 (0.01 -14)
Cu 15 (6-60) 5 (1-12) 4 (0.08-9)
Fe 5% (3->10%) 120 (30-920) 60 (6-130)
Hg 0.05 (0.004-0.7) 0.01 (0.001-0.04) 0.003 (0.003-0.04)
Mn 450 (7-2000) 80 (20-240) 15 (1.3-90)
Mo 1.5 (0.2-12) 0.3 (0.03-8) 0.5 (0.04-2.5)
Ni 20 (1 -120) 1 (0.1-5) 0.8 (0.06-4)
Pb 20 (1.5-80) 1 (0.3 -10) 0.7 (0.05-4)
Sb 0.75 (0.05-3) 0.06 (0.001 -10) 0.01 (0.001-0.25)
Se 0.3 (0.02-2.5) 0.06 (0.002-0.88) 0.03 (0.003-0.15)
Ti 0.3% (0.02-1%) 2 (0.15-80) 1 (0.1-5)
V 85 (15-360) 0.5 (0.1-2.5) 0.01 (0.001-0.7)
Zn
a »  f__ / ____
60
b r
(17-125) 30 (12-60) 25 (1.2-45)
Source: Patinha et aL, 2004; Ward, 2000
Microbes also contribute to the release of arsenic from soils and sediments (Li et aL, 
2009; Khan, 2005; Oremland & Stolz, 2005; Carbonell-Barrachina et aL, 1999). 
Biological reactions involving microbes generate arsine gas or other volatile 
compounds. The arsine then reacts with oxygen in the air converting back to the non­
volatile forms of arsenic, which settle back to the ground (WHO, 2001).
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J.2.3.4 Microbial
Mobilisation of arsenic in natural ecosystems is primarily controlled by microbially 
mediated bio-geochemical interactions (Bhattacharya et a l, 2007). Microbial 
reduction of As^ to the more toxic and mobile As™ species occurs via detoxification or 
respiration processes (Ahmann eta l, 1994; Cervantes eta/., 1994).
Many aquatic organisms are able to accumulate arsenic and may catalyse the oxidation 
of As™ to As^ while also promoting the formation of methylarsines through 
biomethylation reactions (Ridley et al, 1977). Certain diatoms are known to reduce 
As^ to As™ and DMA^ (Kumaresan & Riyazuddin, 2001). The production of 
methylarsines by methogenic/pathogenic bacteria under aerobic conditions has been 
reported (Bentley & Chasteen, 2002; McBride & Wolfe, 1971). Tliis could feasibly 
occur in sediments, with the produced species being subsequently released to the 
overlying water. It was shown that DMA^ and MA^ (Figure 1.2) are intermediates in 
the reductive méthylation of inorganic arsenic to dimethylarsine (McBride & Wolfe, 
1971). However, the reaction of molecular oxygen with volatile arsines as a mechanism 
of the formation of these acids was also proposed (Ridley et al, 1977).
Méthylation of arsenic compounds occurs by bacterial and fimgal involvement, 
producing dimethyl- and trimethylarsines by an approach involving the replacement of 
substituent oxygen atoms by methyl groups (Kumaresan & Riyazuddin, 2001). 
Méthylation is tliought to be a detoxification mechanism for the micro-organisms and 
more importantly in the transfer of arsenic from the sediment to the water and 
atmosphere (Akter et al, 2005). It was reported that As^ could be reductively 
methylated to dimethylarsine hy Methanobacterium under anaerobic conditions (Figure 
1.6) (Bentley & Chasteen, 2002; McBride & Wolfe, 1971).
Under acidic conditions, the sewage fungi Candida humicola can convert As^ (as well 
as MA^) to trimethylarsine (Adeniji, 2004). A small proportion of trimethylarsine is 
also produced through the incubation of the fungi with arsenite, methylarsonate and 
dimetliylarsinate, proposing the formation of intermediates in the reduction and 
alkylation of arsenate to trimethylarsine (Bentley & Chasteen, 2002). Fungi able to 
produce trimethylarsine from the pesticides monomethylarsonate and dimethylarseine
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include Candida humicola, Gliocaninum roseum and a strain of Pénicillium 
(Kumaresan & Riyazuddin, 2001). The production of trimethylarsine by Candida 
humicola and other moulds decreases in rate as the mould approaches its resting stage 
(Kumaresan & Riyazuddin, 2001).
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Figure 1.6: Reductive méthylation of arsenate to dimethylarsine (Kumaresan &
Riyazuddin, 2001).
The toxic alkylarsines are volatile, with a well-defined garlic-like odour, which are 
promptly oxidised to less harmfiil products in the atmosphere. One of these products, 
dimethylarsinic acid, has been shown to be an intermediate in the synthesis of 
dimethylarsine from arsenic salts (Wood, 1974). The méthylation of arsenic is an 
important process in increasing arsenic mobility in the environment by transferring 
arsenic from sediments back to the water column in aquatic systems (Figure 1.7) (Ford 
et al, 2006; Jain & Ali, 2000). The biotransformation of arsenic can produce highly 
volatile compounds such as arsine (AsHs), dimethylarsine (HAs(CH3)2) and 
trimethylarsine (As(CH3)3) (Table 1.5) (Kumaresan & Riyazuddin, 2001).
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1.2.4 Sources of Arsenic Contamination
The most common source of arsenic contamination in groundwater around the world 
(Table 1.8) is from the mobilisation of naturally occurring arsenic from rocks, minerals, 
sediments, soils and the atmosphere (Bhattacharya et al, 2007; Smedley et al, 2002). 
If optimal conditions are achieved in the subsurface, arsenic has the potential to dissolve 
into groundwater used for drinking water (USGS, 2006) However, there are numerous 
other routes (use of herbicides/pesticides, food additives, food, smoking) in which 
arsenic can contaminate humans and the environment (Nguyen et al, 2009; Hossain, 
2006; Wang & Mulligan, 2006; Duker et al, 2005; Das et al, 2004; Mandai & 
Suzuki, 2002; Pandey et al, 2002).
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Figure 1.7: Biological cycle of arsenic (Francesconi & Edmonds, 1994).
Various studies reported in the literature have stated a possible synergism between 
arsenic and smoking (Meliker et al, 2007; Chen et al, 2003). Arsenic has been 
documented as a lung carcinogen in humans, and significant dose-response trends of 
ingested arsenic on lung cancer risk have been highlighted to be more prominent 
amongst cigarette smokers (Chen et al, 2003). Another widely suggested health effect
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of arsenic contamination is diabetes mellitus, which is prevalent in sufferers of keratosis 
(Navas-Acien et aL, 2008; Navas-Acien et aL, 2006). Although little evidence exists 
regarding the biological mechanisms responsible for As-induced diabetes mellitus, it is 
thought that the trivalent arsenicals found in cigarettes may suppress insidin-stimulated 
glucose uptake (Meliker et al, 2007). A review of the literature has sliown tliat 
trivalent arsenicals can interfere with the mobilisation of glucose transporters in adipose 
cells, and transcription factors involved in insulin-related gene expression (Salazard et 
al, 2004; Walton eta l, 2004).
Table 1.8: Arsenic contamination in groundwater with affected populations across the 
world.
Country or area
Number of 
people at risk 
(x 1000)
Groundwater
concentration
pg/lAs
Discoveiy
date
Argentina 2000 100 -1000 1970s
Australia Unknown < 1 -  300000 1990s
Bangladesh 50000 <1-4700 1980s
Bolivia 20 <1-4700 1997
Chile 437 900 -1040 1971
China, Inner Mongolia 600 1 -2400 1990s
China, Xinjiang Province 100 1 -8000 1980s
Finland 144 0.05-64 1990s
Ghana Unknown 50 -  5000 1990s
Hungary 220 10-176 1974
India, West Bengal 1000 < 1 0 -  3900 1980s
Iran Unknown 1 -1000 1984
Mexico 400 10-4100 1983
Nepal >3500 Up to 456 2002
New Zealand Unknown Up to 8500 1960s
Pakistan >100 < 1 0 -  906 1980s
Peru 250 500 1984
Romania 36 10-176 2001
Taiwan 100 10 -1820 1961
Thailand, Ronpibool 18 1-5000 1987
UK 20-30 5 -8 0 1980s
USA Unknown 10-48000 1988
Vietnam > 1000 1 -3050 2001
Source: Pokhrel et al, 2009; van Halem et a l, 2009; Ahuja, 2008; Garelick 
et al, 2008; Mukherjee-Goswami et al, 2008; Charlet & Polya, 
2006; Mukherjee et a l, 2006; Uddin et al, 2006; Berg et a l, 2001; 
Smith et al, 2000
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L2.4A Mining
Levels of arsenic that exceed soil baseline values (typically 5 -1 0  mg/kg As d.w.) have 
been discovered in soils and sediments contaminated from the products of mining 
activity, including mine tailings and effluent (Rogan et at, 2009; Smedley & 
Kmnibuigli, 2002). Concentrations in tailing piles and tailings-contaminated soils can 
reach up to several thousand mg/kg As (d.w.) (Cances et a l, 2008; Smedley & 
Kinniburgh, 2002). These high arsenic levels reflect the increased abundance of 
primary As-rich sulphide minerals, as well as secondary iron arsenates and iron oxides 
produced as reaction products of the original ore minerals (Patinha et al, 2004). 
Primary sulphide minerals are vulnerable to oxidation in the tailings pile and the 
secondary minerals have varying solubility in oxidising conditions in groundwater and 
surface waters (Smedley et a l, 2002).
One of the worst reported cases of arsenic poisoning relating to mining activity occurred 
in Ron Phibun District, Nakhon Si Thammarat Province of Southern Thailand 
(Hudson-Edwards et a l, 2005; Smedley et a l, 2005). Health problems in the area 
were first reported in 1987. By the late 1990s, approximately 1000 people had been 
diagnosed with As-related skin disorders, particularly in the region of Ron Phibun town 
(Hudson-Edwards et a l, 2005; Smedley et al, 2005). The Ron Phibun District lies 
within the South East Asian Tin Belt. Arsenic concentrations in excess of 5000 mg/1 As 
have been detected in the groundwater from Quaternary alluvial sediment, dredged 
during tin-mining operations (Garelick et a l, 2008). Less arsenic contamination has 
been reported in deeper groundwater from an older limestone aquifer, however high 
arsenic concentrations do occasionally occur, probably also as an outcome of 
contamination from the mine workings (Smedley et al, 2002). Arsenic mobilisation is 
related to the oxidation of arsenopyrite, which is intensified by the former tin-mining 
activities. The recent appearance in groundwater has occurred during post-mining 
groundwater rebound, a process in which pollution arises after abandoned workings 
flood to surface level (Smedley e ta l, 2002; Adams & Younger, 2001).
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L2.4.2 Industrial
Coal-fired power stations and incinerators are two potential ways in which small 
amounts of arsenic could be released into the atmosphere, as coal and waste products 
often contain some arsenic (Chou & De Rosa, 2003). Arsenic released from power 
stations and other combustion processes is usually suspended in very small particles, 
whereas arsenic contained in wind-home soil is generally found in larger particles (also 
refer to Section 1.2.3.1) (Wang & Mulligan, 2006). These particles settle to the ground 
or become washed out of the air by rain. The very small particles, in which the arsenic 
is retained, may stay in the air for several days, covering significant distances (ATSDR, 
2007; Moreno et al, 2007). Exposure to this source of arsenic is most common via 
inhalation. Any arsenic compounds that can dissolve in water may enter rivers, lakes, 
and groundwater (Berkowitz et at, 2008; WHO, 2001). Once the water supply is 
contaminated it can affect both humans and marine organisms. Certain cmstaceans and 
fish take in the arsenic which may build up in their tissues, however, the majority is 
considered harmless (ATSDR, 2007).
1.2.4.2 Agricultural
Water soluble products, such as chromated copper arsenate (CCA) and other As-based 
chemicals used as wood preservatives in the past have lead to widespread metal 
contamination in soils especially in the vicinity of wood preservation plants (Archer & 
Lebow, 2006; Bhattacharya et al, 2002). The use of arsenic in pesticides currently 
accounts for about 90% of all arsenic produced, with its main use in CCA (Wang & 
Mulligan, 2006). Wood treated with CCA is used widely in outdoor stmctures such as 
decking, playground equipment, picnic tables, garden-bed borders and dockyards 
(Shalat et ai, 2006; Dubé et al, 2004). Due to the water-soluble nature of CCA, 
rainwater can seep in and leach the CCA onto the wood surface. This can then cause 
the CCA to be wiped or dislodged from the surface of wood and thereby stick to hands 
or clothing due to contact with the surface (Fields, 2001). Soil adjacent to CCA-treated 
wood stmctures has reportedly been shown to be contaminated with arsenic, chromium, 
and copper (Barraj et al, 2009; Stilwell & Gomy, 1997). Many cases of exposure to 
mixtures of arsenic, chromium (particularly Cr^) and copper have resulted from the
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burning of CCA-treated wood in household wood stoves, consequently exposing the 
entire family to smoke and ash (100 to > 1000 mg/kg As in ash) (Chou & De Rosa, 
2003). Exposure to very high levels of arsenic has been seen through the power-sawing 
of freshly treated CCA wood in enclosed spaces, resulting in contaminated wood dust in 
the air, as well as from liquid CCA that seeped out of the wood (Chou & De Rosa, 
2003).
1.2.5 Arsenic -  Essentiality and Toxicity
Arsenic metabolism has an important function in terms of its toxicological effects 
(Hughes, 2002). The majority of mammalian species (but not all) methylate inorganic 
arsenic (Tsuchiya et al, 2005; Vahter, 1999a; Vahter, 1994). Variation between 
species and among human populations is also evident in both the rate and extent of 
méthylation of inorganic arsenic (Hughes, 2002; Vahter, 2002; Vahter, 2000). 
Inorganic arsenic is metabolised by a sequential process. The process involves a two- 
electron reduction of pentavalent arsenic to trivalent arsenic, proceeded by oxidative 
méthylation to pentavalent organic arsenic (Mouron et al, 2005, Bentley & Chasteen, 
2002; Hughes, 2002; Thomas et al, 2001). The reduction step can take place non- 
enzymatically in the presence of a thiol such as glutathione (GSH) (Delnomdedieu et 
a l, 1994; Scott et al, 1993). However, human liver As^ (Radabaugh & Aposhian,
2000) and MA^ (Zakharyan et al, 2001) reductases have been partially purified, with 
the MA^ enzyme appearing to be a glutathione-6'-transferase (omega). The méthylation 
of arsenic is enzymatic, requiring S'-adenosylmethionine (SAM) and a methyltransferase 
(Kedderis et a l, 2006). The predominant metabolite of inorganic arsenic, DMA^, is 
rapidly excreted by most mammals (Dhubhghaill & Sadler, 1991). Trimethylarsine 
oxide (TMAO) is the final product in this system, but is generally detected in very low 
amounts in urine, if at all, after exposure to inorganic arsenic (Hughes, 2002).
For many years, monomethylarsonous acid (MA™) and dimethylarsinous acid (DMA™) 
have been proposed intermediates in the metabolism of arsenic. Recently, MA™ and 
DMA™ have been detected in human urine, from subjects chronically exposed to 
inorganic arsenic in their drinking water (Del Razo et al, 2001; Aposhian et a l, 
2000a) and in the bile of rats administered with intravenous As"^  (Gregus et a l, 2000).
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The acute toxicity of arsenic is related to its chemical form and oxidation state (refer to 
Table 1.2) (B’Hymer & Caruso, 2004). The acute toxicity of trivalent arsenic is 
greater than that of pentavalent arsenic (Hughes, 2002; Mandai & Suzuki, 2002; 
Styblo et aL, 2002). In mice, the oral LD50 of arsenic trioxide is more than 36-fold 
lower than that of MA^. In a human adult, the lethal range of inorganic arsenic is 
estimated at a dose of 1 -  3 mg/kg As (Ellenhom, 1996). It was often believed that the 
acute toxicity of inorganic arsenic was greater than organic arsenic and hence, the 
méthylation of inorganic arsenic was a detoxification reaction (Hughes, 2006; Jin et 
aL, 2004; Bentley & Chasteen, 2002; Hughes, 2002). This theory came about because 
DMA\ the primary excreted metabolite of inorganic arsenic, is less acutely toxic than 
inorganic arsenic (refer to Table 1.2). However, it was found that a derivative of MA™ 
is more toxic than As "^ to the micro-organism Candida humicola (by the in vitro route) 
(Hughes, 2002; Cullen et aL, 1989). Human cells are also more sensitive to the 
cytotoxic effects of MA™ than As™. DMA™ is at least as cytotoxic as As"  ^in several 
human cell types (Jin et al, 2004; Styblo et al, 2000). The greater acute toxicity of the 
methylated trivalent intermediates of arsenic indicates that the méthylation of arsenic is 
not exclusively a detoxification mechanism (Borak & Hosgood, 2007; Hughes, 2002).
There are many different systems within the body that are affected by chronic exposure 
to inorganic arsenic (Table 1.9) (Yang, 2007). The main features of clironic toxicity in 
humans to arsenic via oral exposure are skin lesions, characterised by 
hyperpigmentation (darkening of the skin), hypopigmentation (loss of skin colour), and 
hyperkeratosis (thickening of the skin) (Borak & Hosgood, 2007; Tsuji et al, 2004; 
Ng et al, 2003; Mandai & Suzuki, 2002). Blackfoot disease, a vaso-occlusive disease 
which leads to gangrene of the extremities, is prevalent in Taiwan, whereby individuals 
have been chronically exposed to arsenic from their drinking water (Lai, 2004).
It is currently inappropriate to give dietary recommendations in terms of arsenic for 
humans because of questions surrounding its essentiality. On the basis of animal 
studies, however, amounts of arsenic in the diet that lead to signs of arsenic deficiency 
can be extrapolated to humans (Alexeeff & Fan, 2004). The proposed arsenic 
requirement for animals is between 0.025 and 0.050 mg/kg As (based on diets 
containing 4000 kcal/kg). This is the equivalent to a dietary intake of 12.5 to 25 pg/day 
As in the human population (Prohaska & Stingeder, 2005). Normally, human diets
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contain 12 to 50 pg/day As, and therefore the presumed arsenic requirement for humans 
apparently can be met by the normal consumption of food and water alone (Alexeeff & 
Fan, 2004). However, there may be dietary situations where the requirement for 
arsenic is not met, for example, low dietary arsenic coupled with an altered methionine 
metabolism or haemodialysis (Yost e ta l, 1998; Uthus Sc Seaborn, 1996).
Table 1.9: Effects observed in humans/laboratory animals after chronic arsenic 
exposure.
System Effect
Skin Skin lesions
Cardiovascular Blackfoot disease
Nervous Peripheral neuropathy, encephalopathy
Hepatic Hepatomegaly, cirrhosis, altered haem metabolism
Haematological Bone marrow depression
Endocrine Diabetes mellitus -  Type II
Renal Proximal tubule degeneration, papillary and cortical necrosis
Source: Hughes, 2002
1.2.5.1 Plants and Foodstuffs
Inorganic arsenic (the more toxic form) is found in groundwater, surface water, and 
many foods, such as rice, grains, vegetables and fish (although only a very small 
percentage of arsenic in fish is inorganic) (Reyes et a l, 2008; Ruiz-Chancho et a l, 
2008; Smith et al, 2008; Williams et a l, 2006; Vela et al, 2001). On average, there is 
more exposure to inorganic arsenic from drinking water than from food, however food 
is considered an important part of arsenic uptake (Reyes et al, 2008; Tsuji & 
Robinson, 2002). According to a recent Food and Drug Administration (FDA) Diet 
Study, the average adult arsenic intake from food is 53 pg/day As, of which about 20% 
(13 pg) is inorganic (Brown & Ross, 2002).
The adverse effects of arsenic from groundwater, which is utilised for crop irrigation 
and aquatic ecosystems are also of major concern. As well as any potential human 
health impacts caused by arsenic ingestion from food, there is the potential for reduced 
crop yield as a result of arsenic build-up in the soil (refer to Table 1.7) (Ruiz-Chancho
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et aL, 2008; Bhattacharya et aL, 2007). The fate of arsenic in agricultural soils is less
well known compared to that in groundwater (Smith et al, 2008; Bhattacharya et al,
/
2007). Crop quality and the effect of arsenic on crop quality and yield is becoming a 
major world-wide concern, particularly for rice which forms the staple diet of many 
South-Asian countries, in which groundwater is principally used for irrigation (Meharg 
& Rahman, 2003).
A recent study in Bangladesh reported that irrigation in the country has increased since 
1970, while since 1980, the area exposed to groundwater irrigation for the cultivation of 
Boro rice has increased by almost an order of magnitude (Roychowdhury, 2008; Saha 
& Ali, 2007; Harvey et al, 2005). It was predicted that approximately 1000 metric 
tons of arsenic is cycled with irrigation water annually during the dry season, based on 
data relating to the distribution of arsenic in groundwater and the region under shallow 
irrigation (Saha & Ali, 2007). A decrease in rice yield by 10% has been reported at 
concentrations of more than 25 mg/kg As (d.w.) in soil. A detailed greenhouse study 
has also highlighted the reduction in yield of a local variety of rice (BR-11) irrigated 
with water containing arsenic in the range of 0.2 to 8 mg/1 As (Bhattacharya et a l, 
2007; Saha & Ali, 2007). Arsenic accumulation in soils from rice fields and its 
introduction into the food chain through uptake by the rice plant is a major health 
concern (Bhattacharya eta l, 2007; Saha & Ali, 2007).
1.2.5.2 Human Health
Arsenic has long been recognised as a toxic and carcinogenic element, which can be 
fatal if taken in large oral doses (Chou & De Rosa, 2003). Most cases of arsenic- 
induced toxicity in humans are due to natural exposure to inorganic arsenic via air, 
water, soil, dust and food (Brima et al, 2006; Mandai et al, 2004). There may be 
some differences in the potency of different chemical forms and oxidation states, for 
example. As™ is more toxic than As^ (Hughes, 2006; Yanez et al, 2005; WHO,
2001). Ingested arsenic is absorbed across the gastrointestinal tract into the bloodstream 
and distributed to many organs (Caussy & Priest, 2008; Sloth e ta l, 2004). Prolonged 
exposure to high doses of arsenic has been reported to adversely affect almost all 
physiological systems in the human body including respiratory, immune.
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gastrointestinal, reproductive and central nervous (Kazi et al, 2006; ATSDR, 2000; 
Rahman et al, 2000; NRC, 1999). Neurological effects include headaches and vision 
impairment (Vahter & Concha, 2001). Arsenic also affects mitochondrial enzymes, 
impairs tissue respiration and nerve function causing a “pins and needles” sensation in 
the hands and feet (Kazi et al, 2006; ATSDR, 2000). Arsenic ingestion also causes 
peripheral vascular diseases and is associated with carotid atherosclerosis (Rahman et 
al, 2009; Cavar et al, 2005). Ingesting inorganic arsenic has also been reported to 
increase the risk of cancer in the bladder, lungs, liver, and kidneys (Liao et a l, 2009; 
Celike ta l, 2008; Ferreccio & Sancha, 2006).
A series of changes in skin pattern is the most distinctive visual effect of long-term oral 
exposure to inorganic arsenic (Dikshith & Diwan, 2003). These include 
hypo/hyperpigmentation (Figure 1.8a) and hyperkeratosis (Figure 1.8b) lesions of the 
skin and the appearance of small “corns” or “warts” on the palms, soles, and torso, in 
which a small number may develop into skin cancer (Mosaferi et al, 2008; Yoshida et 
al, 2004; Karagas et a l, 2001). Direct skin contact with inorganic arsenic compounds 
may cause irritation of the skin, leading to redness and swelling. However, there is no 
evidence to suggest that skin contact is likely to lead to any serious internal effects 
(Chou & De Rosa, 2003).
Humans may also come into contact with a variety of other arsenicals; the inhalation of 
airborne arsenic is commonly associated with mining and smelting activities (as 
outlined in section 1.2.4.1) (Reeder & Schoonen, 2006). Although data on the human 
health effects of arsenic is limited, it has been reported that organoarsenicals are 
substantially less toxic than the inorganic forms (Baumann & van der Meer, 2007; 
Borak & Hosgood, 2007). However, data produced from animal studies clearly shows 
that adequate doses of the methyl (MA^ and DMA^) and phenyl arsenates can cause 
adverse health effects that correspond to those of the inorganic arsenicals, therefore the 
possibility of health risks from the organoarsenicals should not be overlooked (ATSDR, 
2000). Moreover, studies in a variety of animal species have reported arsenic as a 
potential essential nutrient, with a daily requirement of perhaps 20 pg/day As, 
equivalent to 2 htres of water containing 10 pg/1 As, the current WHO drinking water 
limit (Brown & Ross, 2002). In certain cases, patients who are arsenic depleted (for
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example, chronic dialysis patients), showed a correlation with nerve and vascular 
injuries (Brown & Ross, 2002).
#
Figure 1.8: a) Hyperpigmentation and hyperkeratosis lesions of the back and b) the 
hands through clironic exposure to arsenic (Centeno & Finkelman, 2007; 
Centeno eta l, 2006).
Aisenic ingestion via groundwater with elevated arsenic concentrations and the 
associated human health effects are common in several regions across the world, such 
as South America (O’Reilly et al, 2010; Garcia et al, 2007; Bundschuh et al, 2004), 
North America (Steinmaus et al, 2005; Welch et a l, 2000) and South-east Asia 
(Brammer & Ravenscroft, 2009; Ch en et al, 2006; Shraim et al, 2003). Arsenic 
toxicity and chronic arsenicosis is increasing at an alarming rate, particularly in South 
Asia, where estimated cancer mortality due to arsenic exposure is roughly one in 100 
people (Chakraborti et al, 2004; Smith & Smith, 2004; NRC, 1999) Arsenic is 
perhaps the only human carcinogen for which there is adequate evidence of 
carcinogenic risk by both inhalation and ingestion (Centeno et al, 2002). Most of the 
ingested arsenic is rapidly excreted via the kidney within a few days (Vahter, 1994). 
However, high levels of arsenic are retained for longer periods of time in the bone 
(Bhattacharya e ta l, 2007; Krishnamohan e ta l, 2007), skin (Kazi et al, 2009; Liao 
et al, 2008), hair (Gault et al, 2008; Samanta et al, 2004), and nails (particularly 
toenails) (Caussy & Priest, 2008; Adair eta/., 2006) of exposed humans.
The metabolic pathway of inorganic arsenic involves consecutive reduction and 
oxidative méthylations, as outlined in Equation 1.4 (Hughes, 2006; Hindmarsh, 2002; 
Suzuki et al, 2002). Although inorganic arsenic méthylation has been considered as 
the primary detoxification mechanism in many species, it has been suggested that due to
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the occurrence of toxic methylated trivalent arsenicals it may inadvertently be an 
intoxication process (Mandai et a/., 2004). Urinary arsenic metabolites in exposed 
humans comprise 10 -  15% inorganic arsenic, 10 -  15% MA^ and a major proportion 
(60 -  80%) as DMA^ (Lindberg et al^ 2006; Yanez et aL, 2005; Vahter, 1999b). 
Recent studies have found and DMA^° in trace quantities in human urine (Mass 
et al^ 2001; Aposhian et aL, 2000b; Le et aL, 2000b). In general, is more toxic 
than either As"  ^or As^ (Bredfeldt et al^ 2006; Petrick et aL, 2000). However, tliere 
are few other reports for the identification of either MA^ ^^  or DMA^ in environmental or 
biological samples (Del Razo et ai, 2001; Suzuki et al^ 2001; Sampayo-Reyes et 
2000). This is due in part to the unstable nature of both species, for example. Mandai 
et ai, 2001, reported the conversion of DMA^ ^^  to DMA^ in frozen urine samples within 
17 hours of collection. Francesconi & Kuehnelt, 2004 also suggested the potential for 
rapid biotransformation of MA™ and DMA™ in urine samples through inadequate 
storage and/or pretreatment.
As^ + 2e As™ + CHs  ^-> MA^ + 2e MA™ + CE3'
—> DMA^ + 2e — DMA^ ^^  + CHs  ^ Equation 1.4
Urinary arsenic analysis undertaken in epidemiological and biological monitoring 
studies is considered the primary method to evaluate a person’s exposure to 
environmental and occupational arsenicals (Xie et a l, 2007; Hinwood et a l, 2004; Lai 
et a l, 2004). However, the use of urine as a biomarker for the ingestion of certain 
organoarsenicals, such as arsenobetaine, AB, (primarily found in seafood) is only 
indicative of short-term exposure, as the majority is excreted unchanged via urine 
within 3 - 4  days (Lai et a l, 2004; Mandai et al, 2003). A certain proportion of 
ingested arsenic accumulates in much higher concentrations in scalp hair and nails than 
other tissues and biological fluids, due to its affinity for sulphydiyl groups (-SH) in a- 
keratin (Slotnick & Nriagu, 2006; Yanez et al, 2005). Scalp hair and nails are good 
biomarkers of longer-term arsenic exposure over a time frame of 2 -  18 months (Brima 
et al, 2006; Kales & Christiani, 2005). Scalp hair grows at an approximate rate of 
0.35 mm/day (Tobin, 2005). The normal concentration of total arsenic in human scalp 
hair ranges from 0.08 -  0.25 mg/kg As, above 1 mg/kg As is an indication of arsenic 
toxicity (Nguyen et al, 2009; Saad & Hassanien, 2001; Masud Karim, 2000). 
Similarly, for urine the normal arsenic level is less than 50 pg/1 As (roughly equivalent
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to 50 pg/g As creatinine), above this, signs of arsenicosis can manifest (Anawar et al, 
2002; Tokunaga et al, 2002).
Table 1.10: Typical natural trace element concentrations of human scalp hair and urine.
Trace element Concentrations
Scalp hair (mg/kg) Urine (pg/1)
Al 240 6.4
As 0.08-0.25 <50
B 0.2-8.0 700
Co 0.1 0 .1 -2
Cr 0.3-0.8 0.06
Cu 15-25 20-50
Fe 30-60 12-15
Hg 0.5-2.0 0 -2 0
Mn 0.5-4.0 1 -8
Mo 0.5-1.0 15-33
Ni 1.8 2 -1 0
Pb 6.0 0.8
Sb 0.07 <100
Se 0.5-1.0 5 -3 0
Ti 22 <1.9
V 90-160 0.5
Zn 150-250 0.1-0.8
Source: Fernandes et al, 2007; Pinto et al, 2006; Raab et al, 2002; 
Yang & Lewandrowski, 2001; Pennington, 2000; Lide & 
Fredeiikse, 1997; Iyengar, 1989
1.2.5.3 Animal Health
Animal studies involving goats, rats, and chicks, which have been subjected to semi- 
synthetic diets, have become functionally impaired on diets containing very small 
amounts of arsenic. However, they have demonstrated improved (lower) rates of 
reproductive abnormalities and/or growth retardation on diets supplemented with 0.35 -  
4.50 mg/kg As fresh weight (f.w.) (Brown & Ross, 2002).
Studies have also been carried out on the wool of sheep exposed to areas of high arsenic 
in North Ronaldsey, Scotland (Raab et al, 2002). It was discovered that sheep 
ingesting arsenic via food accumulate arsenic in their wool (similar to arsenic 
accumulation in the scalp hair of humans). This study looked into metabolites and
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intermediates of arsenoribofuranosides in sheep exposed to a restricted diet of seaweed, 
which is known to contain high levels of arsenic (particularly arsenoribofiiranosides). 
The arsenic species excreted from this sheep via the urine was comparable to that of 
humans ingesting seaweed. Consequently, it can be assumed that the metabolic 
pathway of arsenoribofuranosides is comparable for both sheep and humans (Raab et 
ai, 2002).
1.3 Bioavailability and Bioaccessibility of Trace Elements
Food is the primary source of essential elements for humans (Crews, 1998). Arsenic 
has been categorised as ‘possibly being essential’ (Pennington, 2000). For essential 
elements to exert an effect they must be available from food, or potentially available, 
both for absorption by the gut and for subsequent utilisation by the body. Therefore, 
they must be bioavailable as well as bioaccessible (Crews, 1998).
1.3.1 Definitions
Bioavailability has been defined as “the proportion of the total mineral in a food utilised 
for normal body fonctions” (Ekmekcioglu, 2000). It is considered that bioavailability 
is not a fundamental property of a food by itself, but it represents the response of a test 
subject (human, animal, cells in culture, etc.) to a particular diet or food (House, 1999).
Through studies of alimentary adsorption, it is evident that the bioavailability of a trace 
mineral in a specific food is not static (House, 1999). Enhancement of trace element 
bioavailability is generally tlirough dietary factors such as molecular species that form 
soluble compounds with minerals (Camara-Martos & Amaro-Lopez, 2002). The 
mineral-enhancer complex may either be absorbed intact, cleaved to allow the release of 
the mineral element in a soluble form, or it may transfer the mineral to a muscosal or 
serosal acceptor (WHO, 2001). In comparison, dietary factors that hinder trace element 
bioavailability may form compounds with trace elements that are either insoluble or in 
wiiich the mineral-inhibitor compound cannot be absorbed intact, cannot be cleaved, or 
prevents the transfer of the element to an acceptor site (House, 1999).
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Bioaccessibility is the fraction of a compound that is soluble in the gastrointestinal tract 
and is therefore available for absorption -  which is specifically referred to when 
undertaking in vitro assessments (Juhasz et al., 2007).
More specifically bioaccessibility is defined as the “fraction of a chemical solubilised 
from a soil sample using in vitro test methods that simulate gastrointestinal conditions” 
(Fairweather-Tait, 2000), Oral bioaccessibility, also commonly referred to as in vitro 
gastrointestinal extraction or the physiologically based extraction test (PBET), is an 
important mechanism for assessing the risk to humans from potentially toxic 
compounds (Poggio et al, 2009). The method attempts to replicate the processes of 
human food digestion in order to assess the bioavailability from materials consumed 
either accidentally or intentionally in the diet (Dean & Ma, 2007).
1.3.2 Link to Environmental and Human Health Status
Tlie two primary issues that underlie our awareness of how aspects of 
environmental/human health status influence bioavailability and consequently the 
effects of metals on organisms are:
• the relationship between dose and tissue concentrations; and
• species extrapolations (Burger et a l , 2003).
Human studies are usually instigated due to the observed or potential human health risk 
from a given contaminant, in which the aim is to determine whether there is a dose 
affected outcome (Matsumoto et al, 2008; Lee et al, 2007; Van Oostdam et al,
2005).
1.3.2.1 Arsenic
Organic forms of arsenic are mainly found in fruit, vegetables, seaweed, marine fish, 
shellfish and algae (Georgopoulos et a l, 2007; Prohaska & Stingeder, 2005; Raab & 
Feldmann, 2005a; Schoof e ta l, 1999). Both fish and shellfish can bio accumulate the 
organoarsenical compounds arsenobetaine (AB) and arsenocholine (AC) (refer to Table
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1.5), which are generally non-toxic to human health (Miyashita et al, 2009; Soleo et 
al, 2008). Possible health risks to humans arise from the use of synthetic arsenic 
compounds in agriculture. These include methyl and phenyl derivatives of
organoarsenical compounds such as MA^ and roxarsone (refer to Table 1.5) (Liu et al, 
2007). Therefore inorganic, and occasionally organic, forms of arsenic may pose a risk 
to human health, based on the bioavailability of arsenic and its ability to be liberated 
from ingested matrices such as:
• soil;
• water;
• food; and
• to enter into the circulatory system of the host where it can exert its toxic 
effects (Caussy, 2003).
Bioavailability of arsenic is commonly stated in absolute or relative terms. Absolute 
and relative bioavailabilities are two significant and independent steps for assessing the 
risk to human health. Absolute bioavailability is “the fraction or percentage of the 
absorbed dose to the administered dose”, expressed in Equation 1.5 (Caussy, 2003):
Absolute bioavailability = Absorbed dose x 100% Equation 1.5
Administered dose
For studies of absolute bioavailability, the absorbed dose is usually determined by 
measuring the concentration of the arsenic compound in blood over time or by 
measuring the mass of arsenic in excreta such as urine or faeces (Smedley & 
Kinnibui^h, 2002). However, determining absolute bioavailability of arsenic is not 
usually necessary for risk assessments on human health, as generally toxicity 
parameters are based solely on administered dose. Relative bioavailability is “a 
measure of the extent of absorption between two compounds”, in terms of arsenic this 
could be sodium arsenate vs. sodium arsenite (Datta & Sarkar, 2004). If it is assumed 
that the absolute bioavailability of arsenic in water is 100%, then the relative 
bioavailability of arsenic in a matrix is represented by the proportion of the absolute 
bioavailability of arsenic in the matrix divided by the absolute bioavailability of arsenic 
in water, as given in Equation 1.6 (Akter et a l, 2005):
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Relative bioavailability = Absolute bioavailabilitv from matrix x 100% Equation 1.6
Absolute bioavailability from water
When absolute bioavailability is unavailable. Equation 1.7 can be used to calculate the 
relative bioavailability of different enviromnental media (for example, soil against 
water) (Caussy, 2003):
Relative bioavailabilitv = Absorbed fraction from matrix x 100% Equation 1.7
Absorbed fraction from study medium
The health outcomes of exposure to arsenic depend on a variety of factors such as dose, 
duration of exposure, and the source and chemical type of the arsenic (Kapaj et aL,
2006). Short-term exposure results in acute effects characterised by vomiting, 
abdominal colic and diarrhoea, which in rare cases may lead to vascular shock and 
death (Hughes, 2002; WHO, 2001). Long-term exposure may result in chronic health 
effects called arsenicism (Centeno & Finkelman, 2007). The main features attributed 
to clironic arsenicism are dermal changes -  increased pigmentation of the skin and 
hardening of the skin -  clinically referred to as melanosis and keratosis. Prolonged 
arsenic exposure, after a mean latency period of ~ 10 years, has been regarded as a co­
factor in the development of the skin cancer squamous-cell carcinoma (Roy & Saha, 
2002).
Arsenic bioaccumulation has been reported in certain aquatic organisms such as algae 
and lower invertebrates that are consumed by predator fish (Laio et a l, 2008; Riedel & 
Valette-Silver, 2002). Bioaccumulation of inorganic arsenic can occur in some 
predators, particularly in contaminated environments, and may result in a potential 
health risk. However, arsenic accumulations in marine forms are usually organic in 
origin and therefore are reported to pose less of a health risk to humans (Caussy, 2003).
1.4 Overview of Study Area
The main study sites investigated in this research were located in Argentina (the 
provinces of San Juan and La Pampa), South America, where there is naturally high 
levels of arsenic from different geological sources (volcanic ash, dissolution of minerals
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and ores, mining activity) (Smedley et a l, 2005; Rawlins et a l, 1997). A third 
province, Rio Negro, was used as a control to the study.
1.4.1 Argentina, South America
Argentina is the second-largest country in South America, dominating the southern part 
of the continent (Figure 1.9) (Haggett, 2001). It has a total area of 2,766,890 km ,^ with 
a longitudinal length of approximately 3,650 km and a latitudinal width of 1,430 km 
(Dilks, 2004). Argentina is bound by Bolivia to the north; Paraguay to the north-east; 
Brazil, Uruguay, and the Atlantic Ocean to the east, and Chile to the south and west 
(Figure 1.9). Argentina’s capital city, Buenos Aires (34°20’S, 58°30’W) is located 
along the eastern edge of the country on the Atlantic coast (Haggett, 2001).
With the exception of the mountainous western area, Argentina mainly comprises of 
lowland areas. It is divided into four topographical regions: the Andean region, 
Patagonia, the subtropical plain of the north, and the pampas (Box, 2003). The Andean 
region encompassing almost 30% of the country, runs from the high plateau of the 
Bolivian border southward into western Argentina (Dilks, 2004). Patagonia comprises 
all the area from the province of Rio Negro to the southern extremity of the continent, 
about 777,000 km .^ Rising from a narrow coastal plain, it extends westward in a series 
of plateaus. Altitudes in this area range from 90 -  490 m rising to 1,500 m at its peak 
(Palmerlee, 2008). The region of Patagonia is semi-arid and sparsely populated. It 
incorporates the barren island of Tierra del Fuego, which partly belongs to Cliile. A 
portion of the Gran Chaco, covering an area between the Andean piedmont and the 
Parana River, consists of an immense lowland plain, rainforests, and swampland, much 
of which is uninhabitable. The most distinguishing feature of the Argentine 
topography, is the huge expanse of lush, well-watered level plains known as the pampas 
(Box, 2003).
Extending from the east coast estuary, Rio de la Plata, the pampas cover a semi-circular 
area from Buenos Aires to the foothills of the Andes, to the Chaco, and to Patagonia. 
This is regarded as the heartland of Argentina, the source of its greatest wealth, and 
home to 80% of its population (Palmerlee, 2008; Dilks, 2004).
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The major rivers in Argentina originate from the Andes in the west or the forested 
north, and flow eastward eventually reaching the Atlantic Ocean. The highest peaks in 
Argentina are Mount Aconcagua (6,960 m), also the highest mountain in South America 
and Mount Tupungato (6,800 m). There is a region of snow-fed lakes in the foothills of 
the Andes, located in the west of Patagonia, and several small lakes (some of which are 
brackish) located in the provinces of Buenos Aires, La Pampa, and Cordoba (Box,
2003).
M A T E R I A L  R E D A C T E D  A T  R E Q U E S T  O F  U N I V E R S I T Y
Figure 1.9: Map of Argentina (courtesy of Paul Lappage, British Geological Survey, 
2009).
Argentina’s climate is generally temperate, but there are great variations, ranging from 
the extreme heat of the northern Chaco region, through to the pleasant mild climate of 
the central pampas, and the sub-Antarctic cold of the glacial regions of southern 
Patagonia (Palmerlee, 2008). The highest temperature, 49°C (120°F), was recorded in 
the extreme north, and the lowest, -16°C (3°F), in the southern tip of the country. 
Rainfall diminishes from east to west (Dilks, 2004). Annual rainfall in Buenos Aires 
averages 940 mm, with a mean annual temperature of 16°C (61°F) (Box, 2003).
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Throughout Argentina, January is the warmest summer month and June and July are the 
coldest winter months (Palmerlee, 2008). North of the Rio Negro the winter months 
(May -  August) are the driest periods of the year. The immense variety in climate is 
due to the great range in altitude and the vast extent of the country. The pampas, 
despite their immensity, have an almost constant chmate, with substantial sunshine and 
adequate precipitation (Palmerlee, 2008; Dilks, 2004).
1.4. L I San Juan
The province of San Juan (Figure 1.10) comprises of tectonic depressions filled with 
Quaternary alluvial and aeolian sediments several hundreds of metres thick (Lloret & 
Suvires, 2006). Fluviatile deposits make up the greater part of the Quaternary 
sedimentary fill of this tectonic basin and have been transported and laid down by 
shifting courses of the Rio San Juan (Lloret & Suvires, 2006). These sediments have 
intercalations of windblown sands and loess and contain the developable aquifers in the 
valley (Adamo & Crews-Meyer, 2006). The Rio San Juan developed an alluvial fan 
and alluvial plain in the valley during Quaternary times. In the alluvial fan, the 
sediments consist of gravels and sands with good permeability, locally with 
discontinuous intercalations of silts and silty clays (Adamo & Crews-Meyer, 2006; 
Lloret & Suvires, 2006).
The alluvial plain is characterised by permeable intervals of fine gravels, gravelly sands, 
and sands that form string-shaped bodies deposited in meandering river channels. 
These sediments are interbedded with bank deposits made up of fine silty or clayed 
sands, silts, and clays, which comprise aquicludes (impermeable bodies of rock or 
stratum of sediment that act as barriers to the flow of groundwater) or aquifiiges 
(impermeable bodies of rock which contain no interconnected openings or interstices 
and therefore neither absorb nor transmit water) because of their poor permeability or 
imperviousness (Lloret & Suvires, 2006).
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 1.10: Map of San Juan, Argentina (courtesy of Paul Lappage, British 
Geological Survey, 2009).
1.4.1.2 La Pampa
The province of La Pampa (Figure 1.11) comprises a thick sequence of sediments of 
Mesozoic to Quaternary age (Smedley et at., 2005; Smedley et al, 2002). The topmost 
layer of the sequence consists of blanketing aeolian loess deposits, which in parts is 
several hundred metres thick (80 -  300 m) (Smedley et al, 2005; Smedley et al, 
2002). These loess deposits make up the main exploited aquifers in the region. The 
Pampean loess deposits are mainly composed of silts and fine sands and date back to the 
Pleistocene age (Smedley et al, 2002), During this period, a mountain ice field 
covered a substantial area south of 28°S, with winds blowing in a south-south-west 
direction. North of 28^S, the Argentine Cordillera was a cold, arid environment which 
allowed efficient production of fine silt by periglacial processes (Smedley et al, 2005). 
Since the deposition of the loess material, substantial reworking has been undertaken 
during the Holocene by aeolian and fluvial processes. Highly evolved dunes, several 
metres in height, occur in some areas, particularly in the west (Smedley et al, 2002). 
The deposits also show evidence of post-depositional alteration, ranging from carbonate 
cementation to soil-forming processes, indicating significant climatic variations in the 
province during the Quaternary age (Smedley et al, 2002).
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Current soils have largely evolved from the loess sediments, characterised by good 
permeability, low porosity and deep profiles, which are typically organic-poor. 
Evidence of significant soil deflation from wind erosion has been reported, especially in 
more cultivated areas (Liu et al, 2003).
Volcanic activity has had an important impact on the composition of the Pampean loess. 
Ash falls were frequent throughout the Tertiary and Quaternary periods and continue to 
the present day. The last major ash fall in the region (2000) was from the Copahue 
volcano on the Argentine-Chilean border (Ibanez et al, 2008), prior to that was the 
1932 eniption of Quiza Pu volcano on the Argentme-Chilean border (Zarate & Fasano, 
1989). The presence of a fine layer of white rhyolitic volcanic ash (0.05 -  2 cm in 
thickness) has been reported over much of the study area within the upper part of the 
loess soil profile, less than a few centimetres below the surface. This volcanic ash is 
widely believed to be derived from the Quiza Pu eruption of 1932 (Smedley et al, 
2002).
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Figure 1.11: Map of La Pampa, Argentina (courtesy of Paul Lappage, British
Geological Survey, 2009).
1.4A .3 Rio Negro
The province of Rio Negro (Figure 1.12) lies within Patagonia, extending westward 
from the Atlantic Ocean to the Cordillera of the Andes to the north of 42°S and the
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border with Neuquén Province (Zarate, 2003). The province covers an area of 203,013 
km .^ It is crossed (northwest to southeast) by the Rio Negro, which runs along a wide 
transverse depression (Zarate, 2003). Contained within this depression are several 
settlements, including Viedma, the capital of the Rio Negro territory, Cipolletti, General 
Conesa, Choele Choel and General Roca (Figure 1.12). In the north of the province, the 
basin of the Rio Negro comprises Cretaceous sedimentary rocks and unconsolidated 
Quaternary deposits in the eastern part (Bridges, 1990). The main landform of this 
region is a plateau lying at 1,500 -  1,700 m in the west and at 450 -  500 m in the east. 
Rivers flowing from the Andes to the south Atlantic Ocean are incised into the plateau 
surface in narrow valleys. The plateau is semi-arid, so some areas of it have endoreic 
drainage (areas with terminal lakes and an interior drainage basin), and surface drainage 
is absent over areas of porous lavas and sandstones (Bridges, 1990).
M A T E R I A L  R E D A C T E D  A T  R E Q U E S T  O F  U N I V E R S I T Y
Figure 1.12: Map of Rio Negro, Argentina.
1.5 Aim and Objectives
1.5.1 Aim
Recent studies have shown that semi-arid regions of Argentina (such as San Juan, San 
Luis, La Rioja, Catamarca, Santiago del Estero and western Tucaman/Salta) exhibit 
elevated levels of arsenic, which occur as a result of the local geochemistry and tlirough 
anthropogenic activities, for example, base metal and gold mining (Duker et a l, 2005;
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Plant et a i, 2003). Human and animal health implications result from the direct 
exposure of arsenic in drinking water (from artesian supplies) and food (Tseng, 2009; 
Bhattacharya et al, 2006; Roychowdhury et al, 2005). Literature values have shown 
limitations in the actual species of arsenic present, with the majority of cases only 
stating the total arsenic levels (Rahman et al, 2009; Bundschuh et a l, 2004). 
Therefore, spéciation studies for arsenic need to be carried out, which can be employed 
in remote areas. The use of solid phase extraction (SPE) for the spéciation of arsenic 
provides a low-cost method, ease of storage/transportation (eliminating the need for 
large volumes of water samples), minimises contamination risk and provides a stable 
environment for the retained species, which would be unaffected by changes in 
temperature, altitude, etc (Arora et al, 2009; Kim et al, 2007). The role that other 
elements may play on the concentration of arsenic (either synergistically or 
antagonistically), and therefore the environmental compartmentalisation, may 
subsequently effect both its bioavailability and toxicity. Concerns are also addressed in 
terms of sample preservations, which may inevitably give poor results for arsenic. 
Furthermore, the presence of other trace elements may add to the problems of total 
arsenic recovery, due to matrix (presence of chloride in the sample) and instrumental 
interferences (polyatomic interferences such as "^ ^Ar^ ^Cf overlapping the ^^ As"^  signal). 
No current studies have addressed the issue of elemental interferences or matrix 
interferences from sample collection in the field.
The aim of this research was to develop an analytical methodology for arsenic 
spéciation so that in conjunction, total elemental analysis could be carried out on 
various sample media from environmental to human samples. A comparison was made 
between various water sources, for example, surface and groundwater to determine the 
composition of the arsenic species. Further emphasis on the spéciation analysis of 
arsenic was carried out to determine the most prominent species at the time of sampling 
and to establish whether there was any influence from other chemicals residing in the 
environment, which may alter the potential arsenic mobility and toxicity in humans. 
Spéciation analysis on human samples (washed scalp hair and urine) allowed for the 
biomonitoring of arsenic and for determining whether any relationship exists between 
environmental and human arsenic levels in order to establish a potential 
biotransformation pathway for arsenic species in humans.
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1.5.2 Objectives
The specific objectives of the work were to:
• establish a method for the analysis of total arsenic determination with validation;
• develop a field-based method for arsenic species preservation in the field;
• evaluate the efficiency of the field-based method through comparison with total 
arsenic concentration values and validate the method through an inter-laboratory 
comparison study;
• determine whether the sum of arsenic species is equivalent to the total arsenic 
concentration within a water sample;
• develop an analytical method for the detection of total arsenic composition in 
washed human scalp hair;
• validate the developed total arsenic methods through the use of certified 
reference materials, spike recoveries and inter-laboratory comparisons;
• determine the chemical spéciation (arsenic) of environmental samples in the 
field (especially water);
• investigate the impact that other chemicals (Al, Fe, Mn, Mo, NO3', S0 4 '^, PO /', 
Cl ) in environmental samples have on both the total and spéciation forms of 
arsenic and how this relates to the potential uptake and toxicity to humans; and
• to establish the direct relationship between the chemical forms in environmental 
media and the effect on uptake and potential toxicity (health effects) on humans 
living in remote regions like those in Argentina where water and food 
consumption is predominantly restricted to the local ‘contaminated’ supplies.
Chapter 2 discusses the analytical methodology and the instrumentation that was used to 
achieve the aim and objectives of this research. Chapter 3 (water). Chapter 4 (soil and 
sediment) and Chapter 5 (scalp hair and urine) report the findings to the enviromnental 
and human health arsenic spéciation studies with conclusions given in Chapter 6.
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Chapter Two
Analytical Methodology and Instrumentation
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2.0 Introduction
This chapter describes the sampling and preparation procedures that were undertaken on 
the environmental and biological matrices as outlined in Section 2.1. The basic theory 
behind the analytical procedures, along with any method development used for the 
accurate and precise determination of trace elemental/speciation concentrations reported 
in Chapters 3 to 5 are also described in Sections 2.3 -  2.7. The principal technique used 
in this research for trace and ultra-trace elemental determination was inductively 
coupled plasma mass spectrometry (ICP-MS). Further techniques were used to provide 
quantification of elemental levels, namely, solid phase extraction (SPE), molecular 
spectroscopy, ion chromatography (IC) and high performance liquid chromatography 
inductively coupled plasma mass spectrometry (HPLC-ICP-MS). The use of certified 
reference materials (CRMs), duplicate analyses and inter-analytical comparisons 
ensured accuracy and precision throughout the analysis (as shown in Section 2.8).
2.1 Sample Collection and Preparation
2.1.1 Water
All water samples for total arsenic (As) determination were collected in opaque 30 ml 
Nalgene® bottles (Fisher Scientific, Leicestershire, UK). Prior to collection, each bottle 
was rinsed three times with the filtered water sample, to minimise potential elemental 
contamination from the bottle during storage. Filtered/acidified (F/A) water samples for 
total arsenic analysis by ICP-MS (Section 2.4) were drawn up in clean/rinsed disposable 
20 ml BD™ plastic syringes (Becton Dickinson Ltd, Oxfordshire, UK) and injected into 
each bottle througli a 0.45 pm membrane filter (Millipore, Hertfordshire, UK). Samples 
were preserved to an acidity of 1% v/v nitric acid (HNO3 , BDH, Aristar®, Poole, UK) 
(not accounting for potential neutralisation from carbonates/bicarbonates/phosphates) to 
prevent arsenic precipitation during transportation (Pandey et a l, 2004; Plant et a l, 
2003; Bednar et al, 2002a; Garbarino et al, 2002). Acidification is a common 
preservation method used to lower the pH of a water sample thereby reducing any 
bacterial activity (McCleskey et al, 2004; Garbarino et al, 2002). Each bottle was
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filled with a sufficient amount of water to prevent any air from being present when the 
bottle was capped; this also minimises the risk of arsenic species oxidation (As °^ to 
As^), as well as creating a better seal to prevent leakages (Gomez-Ariza et al, 2000). 
A fiirther 30 ml water sample was passed through the SPE cartridge set-up for arsenic 
spéciation (Section 2.3.3.1). A filtered/unacidified (FAJA) aliquot of water was also 
taken for arsenic spéciation analysis by HPLC-ICP-MS (Section 2.7), as an inter- 
analytical method comparison with the SPE cartridges and for determination of ions by 
IC (Section 2.5).
A constant temperature of 4°C was maintained during field sampling using a Tropicool 
14 litre Thermoelectric cool box TC-14 (Waeco®, Dorset, UK) connected to a battery 
powered car cigarette lighter socket. Water samples were safely transferred from 
Argentina to the UK in a fully charged Tropicool cool box (when fully charged the 
Tropicool cool box can maintain a temperature of 4°C for ~ 12 hours when unopened). 
Disposable ice packs were also added to the sample storage to help maintain/prolong a 
temperature of 4°C. All water samples were subsequently transferred to a refrigerator 
(4°C) on return to the laboratory, to help maintain arsenic species stability (Segura et 
al, 2002). All water samples were removed from the fridge prior to any analysis and 
allowed to equilibrate to room temperature. Sub-samples were taken for elemental 
analysis. The analysis of waters for arsenic species by HPLC-ICP-MS was carried out 
within 2 weeks of sample collection. It has been shown in the literature that 
organoarsenicals (MA^ and DMA^) remain stable in waters for at least 2 weeks when 
stored at 4”C and in dark conditions (Francesconi & Kuehnelt 2004; Bednar et al, 
2002a; Gong et al, 2002; Roig-Navarro et al, 2001). Total elemental analysis was 
performed on F/A (1% v/v HNO3) samples using ICP-MS (Section 2.4), utilising the 
CRMs NIST SRM® 1643e Trace Elements in Water (National Institute of Standards and 
Technology, Maryland, USA) and TMDA 54.4 Trace Elements in Fortified Lake 
Ontario Water (National Water Research Institute, Ontario, Canada) for Quality Control 
(QC) purposes (as outlined in Section 2.8).
Surface waters (river/stream systems) used for irrigation and cattle feeding purposes 
were collected from the Rio Blanco, Rio Jachal, Rio Huaco, Rio Colorado and Rio 
Negro at a range of depths (0 -  30 cm below the water level). Artesian well and 
untreated domestic tap water samples (groundwater sources) from San Juan, La Pampa
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and Rio Negro were taken after allowing the water to run for a minimum of 30 -  60 
seconds through the pipes, in order to flush the pipeline of any potential adsorbed-As 
deposits. A 30 ml F/A (1% v/v HNO3) and F/UA sample was then collected at each 
location and stored in air-tight 30 ml Nalgene® bottles.
Well waters (groundwater fi-om Quaternary loess aquifers), used predominantly for 
drinking and irrigation were sampled from individual farmsteads (rural wells), urban 
wells and from two reverse osmosis water treatment works in Eduardo Castex and 
Ingeniero Luiggi, La Pampa. Water flow-rates at the private farmsteads (fincas) were 
dependent on wind conditions, because wind turbines are used to draw up the 
groundwater into untreated open-air storage tanks. Flow-rates varied from between 1 -  
191/min at the time of sampling and between sites.
Physical water parameter measurements (pH; conductivity, pS/cm; total dissolved solids 
(TDS), mg/1) were also recorded at the time of sampling (prior to filtration/acidification) 
using a fully calibrated Hanna HI 98129 Digital Combo Meter (Hanna Instruments Ltd, 
Bedfordshire, UK). A GPS reference and elevation reading was also taken at each 
sampling site using a Garmin™ Geko 201 (Garmin Ltd, Hampshire, UK). Calibration of 
the Hanna HI 98129 Digital Combo Meter is described in Section 2.1.1.1. The 
Garmin™ Geko 201 was calibrated automatically through triangulation readings 
obtained from at least three satellite signals whilst in the field.
2.1.1.1 pH, Conductivity and Total Dissolved Solids (TDS) -  Water
pH is a measure of the hydrogen ion activity (an+) in a solution, expressed as its 
negative logarithm: pH = - log am. By definition, pH values range from 0 to 14. 
Natural waters have a range of pH values from 4 - 9  (Table 2.1), and most are slightly 
basic due to the presence of naturally occurring carbonates and bicarbonates (APHA, 
1998). The allowable pH range for potable water (drinking water) is set at 6.5 to 8.5 by 
a number of organisations, notably the World Health Organisation (WHO, 1984), the 
Safe Drinking Water Act (SDWA, 1989) and as a guide by the European Union (EU) 
(De Zuane, 1997). The latter sets a maximum limit of pH 9.5.
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Table 2.1: Typical pH ranges in different water types.
Water type pH
Unpolluted surface waters 6.5-8.5
Polluted surface waters 3.0-12.0
Unpolluted rainwater 4.6 -  6.1
Acidic rainwater 2.0-4.5
Seawater 7.9-8.3
Swamp waters 5.5-6.0
Groundwaters <2.0-12.0
Mine drainage waters 1.5-3.5
Industrial and municipal wastewaters <1.0->12.0
Source: Radojevic & Bashkin, 2006
The portable Hanna HI 98129 Digital Combo Meter used in this research was calibrated 
for pH using a series of calibration buffers at pH 4.01, 7.01 and 10.01 (Hanna 
Instruments Ltd, Bedfordshire, UK).
Electrical conductivity, also referred to as specific conductance, is a measure of the 
ability of an aqueous solution to carry an electrical current (Radojevic & Bashkin,
2006). Conductivity depends on the concentration, mobility, and the valence state of 
the ionised species in a solution, as well as the temperature at which a measurement is 
taken (Popek, 2003). The higher the concentration of the ions in water the higher the 
conductivity. Ions that have a major influence on the conductivity of water are BT, N a\ 
K^, Ca^ ,^ Mg^\ c r , s o / '  and HCO3 ' (Radojevic & Bashkin, 2006). The measurement 
of conductivity in a water sample indirectly measures the concentration of dissolved 
acids, bases, and salts. Solutions containing inorganic compounds have good electrical 
conductivity, whereas solutions containing organic compounds, which do not dissociate 
in aqueous solution, have poor conductivity levels (Popek, 2003).
The conductivity of water varies depending on the concentration of dissolved solids 
(Table 2.2) (Popek, 2003). Conductivity is temperature-dependent because elevated 
temperatures make water less viscous and increase dissociations, causing a change in 
the speed with which different size and charge ions move (Artiola, 2004). The 
calibration of the portable Hanna HI 98129 Digital Combo Meter for conductivity 
measurements was carried out using a 0.01 M solution of KCl (AnalaR®, BDH, Poole, 
UK), which represents a conductivity of 1413 pS/cm.
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Table 2.2: Conductivities of some water types.
Environmental media Conductivity (pS/cm)
Absolutely pure water 0.055
Distilled water 0 .5 -5
Mountain water 1.0
Most drinking water sources 500 -  800
Seawater 56000
Normal levels for potable water 50-1500
Mineralised water 500-1000
Natural rivers and lakes 10-1000
Source: Radojevic & Bashkin, 2006
Tire principal species found in most natural waters include Ca^ ,^ K^, COs '^,
HCO3', c r , S0 4 '^, and NO3 ', resulting from natural contact with rocks and soil (Jain & 
Singh, 2003). The combination of these chemicals is commonly referred to as total 
dissolved solids (TDS), as they represent the solid residue that remains after water 
evaporates. These dissolved species, if present as ions, tend to increase the electrical 
conductivity of solutions (Artiola, 2004). Therefore, conductivity is often used as a 
surrogate measure for TDS. The approximate relationship between conductivity and 
dissolved solids is shown in Equation 2.1.
2.56 pS/cm = 1 mg/1 Equation 2.1
Calibration of TDS using the portable Hanna HI 98129 Digital Combo Meter was 
performed using a calibration solution at 1382 mg/1 (Hanna Instruments Ltd, 
Bedfordshire, UK).
The total quantity of dissolved solids in water is a common indicator of its acceptability 
for potable, agricultural, and industrial uses (Pemitshy & Meucci, 2002). The total 
concentration of ions in groundwater is often an order of magnitude higher than surface 
waters (Gray, 2008). The TDS level also increases with depth owing to less fresh 
recharge to dilute existing groundwater and the longer period for ions to be dissolved 
into the groundwater (Gray, 2008). In the EU, conductivity is used as a replacement 
for TDS measurements, and is routinely used to measure the degree of mineralisation of 
groundwaters (Table 2.3) (Pemitsky & Meucci, 2002). It is possible to approximate 
water salinity (mg/1) from conductivity (pS/cm) using the relationship in Equation 2.1.
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Table 2.3: Mineralisation of groundwater, characterised by conductivity.
Mineralisation of water Conductivity at 20®C (pS/cm)
Very weak (granite terrains) <100
Weak 100-200
Slight 200-400
Moderate (limestone terrains) 400-600
High 600 -1000
Excessive >1000
Source: Gray, 2008
Conductivity and/or TDS are regulated parameters in both Europe and North America 
(Pemitsky & Meucci, 2002). The United States Environmental Protection Agency 
(USEPA) National Secondary Drinking Water Regulations (USEPA, 1991) include a 
non-enforceable guideline of 500 mg/1 for TDS. The WHO give the same level as a 
guide for TDS with a maximum of 1500 mg/1 (WHO, 1996) and the European Council 
has set a recommended maximum value of 2500 pS/cm for conductivity (European 
Council, 1998).
The parameters of pH, conductivity and TDS were measured in this study using a 
portable Hanna HI 98129 Digital Combo Meter, the instrument specifications of which 
are highlighted in Table 2.4.
Table 2.4: Specifications of the Hanna HI 98129 Digital Combo Meter.
Parameter Range at 20”C
pH 0.00 to 14.00 (±0.05)
Conductivity (pS/cm) 0 to 3999 (±2%)
TDS (mg/1) 0 to 2000 (±2%)
Source: Hanna, 2005
2.1.2 Soil and Sediment
Approximately 500 g of soil samples were collected from the top 0 -  10 cm of soil 
strata, using a plastic trowel (to avoid metal contamination) which was cleaned with 
double de-ionised water (DDW; 18.2 MQ) after each use. Samples were placed into 
paper sampling bags and allowed to dry at ambient temperature in the field before
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transportation. Soils were taken within a radius of 0.5 -  1.5 m at each sampling site and 
combined to form a composite sample. Soil samples were taken as close as possible to 
water output sources (garden taps, storage tanks) where water was also collected.
Sediment samples were taken at a range of distances from close to the riverbank (~ 1 m 
away) to the mid-point of the riverbed (~ 5 m from the bank) using a plastic trowel to 
scoop up the sediment from the first 5 cm of bed material. River water was decanted 
off and the process repeated until enough sediment was collected (~ 500 g). The 
collected sediment was then transferred to plastic self-sealing bags and allowed to settle 
before decanting any remaining excess water thereby removing any extraneous material, 
and stored at 4®C during transportation back to the UK, as outlined in Section 2.1.1.
On return to the laboratory, portions of the soil and sediment samples were dried in a 
drying oven (LTE Scientific, Lancashire, UK) at 40°C for 2 days to ensure complete 
removal of moisture, disaggregated and sieved to < 125 pm using a woven nylon mesh 
sieve (Endecotts Ltd, London, UK) and stored in labelled air-tight self-sealing plastic 
bags prior to analysis. Following sample preparation, the subsequent characterisation 
methods were applied.
2.1.2.1 pH -  Soil and Sediment
The pH level gives an indication of acidity and alkalinity, providing a valuable tool for 
soil characterisation. Numerous chemical reactions are pH dependent and an 
understanding of the pH can allow predictions to be made regarding their extent and 
speed. The availability of different nutrients depends strongly on the pH, for example, 
soils with a pH around 7 have a better availability of Ca, K, Mg, N, and S, while Cu, Fe 
and Zn are less available at high pH (Hossner, 2008). The pH of a soil depends on a 
number of factors: parent material, climate, vegetation, and fertiliser/lime application. 
The pH of most mineral soils is between 5.5 and 7.5 (Adams & Early, 2004; Bell, 
1998).
The main sources of H  ^in soils include:
• dissociation of carbonic acid (H2CO3) formed by the absorption of atmospheric 
CO2 in the soil;
• organic acids formed from the decomposition of organic matter;
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• strong acids, such as sulphuric (H2 SO4) and HNO3, in rainwater, originating 
from industrial air pollution;
• oxidation of ammonium salts to nitrate; and
• oxidation of FeSi in acid sulphate soils (Radojevic & Bashkin, 2006).
The method employed in this study for the measurement of pH in surface soils and river 
sediments is described in Table 2.5. Determination of pH using this method is generally 
considered to give a lower soil pH value (0.5 pH units) than water-based methods 
(Taylor et a i, 2005).
Table 2.5: Procedure for the determination of soil and sediment pH.
Step Procedure
1 5.000 ± 0.005 g of dried/sieved soil or sediment was weighed into 
clean polypropylene beakers
2  12.5 ml of 0.01 M CaCh (AnalaR®, BDH, Poole, UK) added to soil
3 Slurry was stirred for 15 minutes using a Bibby B212 stirring plate 
(Bibby Scientific Ltd, Staffordshire, UK)
4 Slurry was then allowed to settle for 5 minutes
5 Soil/sediment pH was measured potentiometrically using a calibrated 
_______ Hanna HI 98129 Digital Combo Meter (refer to Section 2.1.1.1)_____
Source; Benton Jones, 2001
2.1.2.2 Acid Digestion -  Soil and Sediment
The most common methods used for dissolving samples for metal analysis are digestion 
in an open vessel, digestion in a pressurised sealed vessel, and microwave assisted 
decomposition (Kebbekus, 2003). Some of the most common solvents used are listed 
in Table 2.6.
Table 2.6: Reagents commonly used in sample dissolution or digestion.
Reagent Sample type
Water soluble salts
Dilute acids dry-ashed sample residues, easily oxidised metals
and alloys, salts
Concentrated acid (e.g. HNO3) less readily oxidised metals and alloys, steels.
metal oxides
Concentrated acid with added metals, alloys, soils, particulates from air.
oxidising agent refractory minerals, vegetable matter
Hydrofluoric acid (HF) silicates and other rock samples
Source: Kebbekus, 2003
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Samples to be analysed for elemental content are usually prepared through digesting the 
matrix in a strong acid. For organic matrices, an oxidising mixture is used to destroy 
the entire organic matrix and solubilise the sample. This results in a clear solution 
containing the elements for analysis by such techniques as ICP-MS. HNO3 is 
commonly used, because there is no chance of forming insoluble salts, which might 
occur with hydrochloric acid (HCl) or H2 SO4 . Hydrogen peroxide (H2O2) is sometimes 
added to increase the oxidising power of the digestion method (Kebbekus, 2003).
Soil and sediment digestions for this study were carried out using a programmable 
graphite hot-block, consisting of a polytetrafluoroethylene (PTFE)-coated graphite 
block, housing perfiuoroalkoxy (PFA) plastic vials, resting on a PTFE-coated graphite 
hot-plate. Soil and sediment dissolution for trace elemental determination by ICP-MS 
involved a mixed acid digestion procedure (HF/HN0 3 /perchloric acid (HCIO4)) (Figure 
2.1). All chemical reagents were of Aristar® grade (BDH, Poole, UK).
0.2500 ± 0.0025 g of dried/sieved soil or 
sediment was weighed out into clean PFA vials
Added to this, 1 ml of conc. HCIO4 before swirhng 
samples and placing vials on hot-block
2 ml of conc. HNO3 was added to each vial and left to allow any 
effervescence to subside before adding 2.5 ml of conc. HF
Samples were allowed to cool before adding 2.5 ml of conc. H2O2 and 
returning to the hot block at 30”C for 15 minutes
Heating programme applied:
8 hours at 80°C; 2 hours at 100°C; 1 hour at 120°C; 3 
hours at 140°C; 4 hours at 160°C
Samples were allowed to cool before adding 2.5 ml of 
50% v/v HNO3. Vials swirled before placing them back 
into hot block and heating at 50°C for 30 minutes
20 ml of DDW added to vials and transferred to labelled 30 ml Nalgene 
bottles, to give a final solution of 5% HNO3. Caps loosened for 24 hours to 
prevent pressure build up before capping securely
Figure 2.1: Methodology for soil and sediment digestion as described by the British 
Geological Survey Technical Procedure AGN 2.2.2, 2007.
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In each batch of soil and sediment digests, the certified reference materials CRM 2711 -  
Montana II Soil (National Institute of Standards and Technology, NIST, Maryland, 
USA) and GBW 07401 Soil (China National Analysis Centre for Iron and Steel, 
Beijing, China) were used in duplicate for QC purposes, as highlighted in Section 2.8.
2.1.2.3 Arsenic Spéciation -  Soil and Sediment
Soil spéciation is usually defined as the characterisation of the phase in which an 
element is bound (Prohaska & Stingeder, 2005; Blssen & Frimmel, 2000). Several 
studies have been developed over the last few years for the spéciation of arsenic in soil 
samples. However, extraction procedures allowing the solubilisation of arsenic species 
in soils whilst maintaining their integrity in the extracts are scarcely reported, mainly 
due to chemical instability in the extracts. Furthermore, no CRMs for arsenic species in 
soils aie commercially available (Rubio & Lopez-Sanchez, 2008).
A method for arsenic spéciation in soils and sediments (Figure 2.2) was utilised where 
the extraction is based on the use of H3PO4 (Sanz et al, 2005) mixed with a reducing 
agent (ascorbic acid, CeHgOe) (Button & Watts, 2009) in order to prevent the oxidation 
of inorganic arsenic species (As°  ^ to As^), see Appendix D2. All chemical reagents 
were of Aristar® grade (BDH, Poole, UK), with the exception of ascorbic acid, which 
was ACS grade (Sigma-Aldrich, Dorset, UK).
After shaking, solutions were centrifuged (AccuSpin™ 3 Fisher 
Scientific, Leicestershire, UK) for 15 mins at 2000 rpm
0.200 ± 0.002 g of dried/sieved soil or sediment was weighed out into 50 ml 
Sterilin® centrifiige tubes (Barloworld Scientific, Staffordshire, UK)
Added, 10 ml solution of 1 M H3PO4 with 0.5 M CeHgOe and 
shaken on an orbital shaker (SOI, Stuart Scientific, Staffordshire, 
UK) for 4 hours in complete darkness
Solutions were then decanted off into clean, labelled 10 ml Sterilin centrifiige 
tubes (Barloworld Scientific, Staffordshire, UK) and stored at < 4°C in a fridge, 
for no more than 24 hrs before analysis by ICP-MS and HPLC-ICP-MS
Figure 2.2: Soil and sediment spéciation methodology as described by Button & 
Watts, 2009.
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2J,2.4 Sequential Fractionation -  Soil and Sediment
Sequential fractionation procedures are based on the principle that sorbed metals can be 
displaced from their geochemical phases by using appropriate extracting reagents 
(Veeresh et at., 2003; Morera et al, 2001; Bissen & Frimmel, 2000). Several 
sequential fractionation schemes have been proposed (Hemandez-Moreno et a l, 2007; 
Bacon et al, 2005; Rodrigue et al, 2003; Tokalioglu et al, 2003; Mester et al, 
1998; Tessier et a l, 1979) However, no single fractionation method is totally effective 
in dissolving each distinct form of a metal. Despite uncertainties regarding the 
selectivity of various extractants and possible problems as a result of re-adsorption, 
sequential fractionation procedures are commonly used to study metal partitioning 
among various solid phases of a soil (Table 2.7). As such this can provide qualitative 
evidence regarding various chemical/elemental associations in soils and indirectly 
bioavailability information (Sajwan et al, 2006; Rodriguez et al, 2003).
Table 2.7: Soil fractions defined by sequential fractionation.
Soil fractions
1 Exchangeable metals plus metals associated with calcium 
carbonate
2 Metals present in easily reduced phases, mainly metals 
associated with manganese oxides, and partly also associated 
with amoiphous and poorly crystalline iron oxides
3 Metals associated with organic matter or present as metal 
sulphides
4 Residual fraction____________________________________
Source: Bissen & Frimmel, 2000; Rauret et al, 1999
The sequential fractionation method adopted for this work utilised the Standards, 
Measurements and Testing Programme (formerly BCR) of the European Commission 
BCR modified three-step procedure as described by Rauret et a l, 1999. Tlie
methodology is shown in Figure 2.3. All chemical reagents were of Aristar® grade
(BDH, Poole, UK) with the exception of hydroxylammonium chloride and ammonium 
acetate, which were Analytical Reagent grade (Fisher Scientific, Leicestershire, UK). In 
each batch of soil/sediment for sequential fractionation, the CRM BCR 601 Extractable 
Trace Metals in Lake Sediment (Institute for Reference Materials and Measurements, 
Geel, Belgium) was used in duplicate for QC purposes (refer to Section 2.8).
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Shaking
Extraction
Wash
Extraction
Step One:
40 ml of acetic acid (0.11 M) was added to 1.000 ± 
0.001 g of dried/sieved soil or sediment in a 50 ml 
Sterilin® centrifuge tube (Barloworld Scientific,
_^____________ Staffordshire, UK)____________
Step Two:
Added to the washed residue from Step One, 40 ml 
of freshly prepared hydroxylammonium chloride (0.5 
M), adjusted to pH 4 by addition of 2 M HNO3
X____________________________________________________________ y
/S ^ p  Three:
10 ml of H2 O2 (9.8 M) added to washed residue 
from Step Two. Tube was loosely covered and 
digested at room temperature (~ 22°C) for 1 hour, 
followed by digestion at 85“C in a water bath for 1 
hour. Volume reduced to < 3 ml by further heating 
of the uncovered tube. A second 10 ml aliquot of 
H2O2 was added and digestion repeated. 50 ml of 
ammonium acetate (1 M), adjusted to pH 2 with 
conc. HNO3, was added to the cool moist residue
Step Four:
Added to the washed sohd residue from Step 
Three, 7 ml of HCl (12 M) followed by 2.3 ml of 
HNO3 (15.8 M), drop by drop, to reduce foaming.
Reaction vessel was allowed to stand for 16 hrs 
(overnight) at room temperature for slow oxidation 
of the organic matter of the soil. Solution was then 
heated at 85®C in a water bath until the volume was 
reduced to < 1 ml, 1 ml of conc. HNO3 was added 
and then made up to 25 ml with DDW
Shaking:
Shaken for 16 hrs at 200 
rpm using a HS 250 basic 
shaker (IKA Labortechnik, 
Staufen, Germany) at 
room temperature 
(ensuring a continuous 
\^spension of the mixturq
Shaking
Extraction
Wash
Shaking
Extraction
Wash
A
Extraction:
Centrifuged at 3000 rpm for
20 minutes using a MSB
Mistral 2000 centrifuge
(Fisher Scientific,
Leicestershire, UK), decanted
into container and stored at .
4°C un tüZ lysis  ^  ^ washings discarded^
Wash:
20 ml of DDW 
added, shaken for 15 
minutes, centrifuged 
at 3000 rpm for 20 
minutes and
Figure 2.3:Modified sequential fractionation procedure for soils and sediments utilised 
in this study proposed by Rauret et at., 1999.
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2J.2.5 Loss-on-lgnition (LOI) -  Soil and Sediment
The loss of sample mass on ignition can serve as a rough indicator of the amount of 
organic matter present in a sample (Radojevic & Bashkin, 2006). The method is based 
on the difference in mass after heating cycles of 105°C and 450”C are applied.
The method employed for the determination of surface soil and river sediment LOI is 
described in Table 2.8. The CRM GBW 07401 Soil (China National Analysis Centre 
for Iron and Steel, Beijing, China) was used in duplicate in each batch of soil and 
sediment LOIs for QC purposes.
Table 2.8: Procedure for the determination of soil and sediment LOI.
Step Procedure
1 A porcelain crucible (VWR, Leicestershire, UK) was initially weighed 
(wt 1)
2 1 -  2 g dry weight of sieved soil or sediment was added to the crucible
3 Crucible was placed in a Gallenhamp muffle furnace (Vindon 
Scientific, Oldham, UK) set at 105°C and left at this temperature 
overnight
4 The crucible was then placed in a desiccator
5 When cooled, the crucible was weighed (wt 2)
6 Crucible was then placed in a muffle furnace at a temperature of 
450°C for a minimum of 4 hours
7 After heating cycle, crucible was removed and placed in a desiccator
8 When cooled, crucible was re-weighed (wt 3)
9 The % LOI was then calculated using Equation 2.2________________
Source: Benton Jones, 2001
LOI (%) = (wt 2 -  wt 3) / (wt 2 -  wt 1) X 100 Equation 2.2
2.1.3 Human Scalp Hair
Ethical approval for this study was obtained fi’om the University of Surrey Ethics 
Committee under the University’s Ethical Guidelines for Teaching and Research 
(approval ref. EC/2009/14/FHMS) (Appendix Al). A 0.5 -  1 g portion of hair was 
collected fi’om the nape of the neck (midpoint between the shoulders) as close to the 
scalp as possible using stainless steel scissors, cleaned after each use with DDW. Hair
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was stored in polyethylene bags (long hair strands were tied together using white 
cotton) for transportation and storage, identifiable through a unique participant’s 
identification number (PIN), which corresponded to a questionnaire relating to the 
individual The questionnaire focused on the lifestyle and general health of the 
participants and can be found in Appendix A2.
On return to the laboratory, scalp hair samples (the 2.5 to 5.0 cm lengths cut closest to 
the scalp surface) were cut into pieces (~ 5 mm) using stainless steel scissors and 
washed following the International Atomic Energy Agency (IAEA) procedure for the 
removal of exogenous arsenic contamination (IAEA, 1978). This method does not 
remove the endogenous arsenic in comparison to other described methods (Yanez et al, 
2005). In brief, the cut hair samples were washed using a sufficient volume of acetone 
to cover the hair in a 50 ml Sterilin® centrifuge tube (Barloworld Scientific, 
Staffordshire, UK), sonicated for 10 minutes at 35 MHz at room temperature and 
subsequently separated by centrifugation (5 minutes, 1000 rpm). The scalp hair was 
washed a further two times with DDW (~ 5 ml) then a final acetone wash. On each 
occasion the scalp hair was sonicated (10 minutes, 35 MHz) and centrifuged (5 minutes, 
1000 ipm). Samples were dried in an oven overnight at 50°C then stored at room 
temperature in labelled polyethylene bags until analysis. The washed hair solutions 
(supernatants) fi’om each stage of the procedure were combined and heated to dryness in 
squat beakers over a water bath at ~ 80°C. Residue material was then reconstituted with 
a 5 ml solution of 1% v/v HNO3 and analysed for total arsenic by ICP-MS. Subsequent 
analysis of the digested supernatants reported total arsenic levels below detection limit 
(< 0.1 pg/1 As).
2.1.3.1 Microwave Digestion -  Human Scalp Hair
Digesting a sample in a closed vessel in a microwave oven has several advantages over 
open dish digestion methods. The vessels are constructed of high-temperature 
polymers, which are less likely to contain metal contaminants as can occur from glass or 
porcelain beakers or crucibles. The sealed vessels eliminate the chance of airborne dust 
contamination, as well as losses of more volatile metal species, which can be a problem 
in open dish sample decomposition, especially in dry ashing (Kebbekus, 2003).
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Microwave digestion for the total digestion of washed human scalp hair was utilised for 
this study, employing a CEM® model MARS X (CEM®, Buckinghamshire, UK) 
programmable closed vessel microwave digestion unit (MDU). This consisted of a 
turntable system housing 12 individual XP1500 vessels (CEM®, Buckinghamshire, 
UK). These vessels had PTFE liners and were connected to a pressure/temperature 
system, which controlled and monitored the rate of heating, maximum pressure and 
temperature attained. The heating, pressure and temperature were controlled and held 
in pre-defined steps by an integrated computer.
The method that was employed for the complete digestion of washed human scalp hair 
is highlighted in Figure 2.4. All chemical reagents were of Aristar® grade (BDH, Poole, 
UK). Three human scalp hair CRMs were utilised in this study for QC purposes as 
outlined in Section 2.8.
0.100 ± 0.001 g of washed scalp hair 
was weighed out into PTFE vessels
10 ml of conc. HNO3 was added to each 
vessel and left to stand for 30 mins
Added, 1 ml of conc. H2O2 , vessels were then 
sealed and placed in the microwave
Cooled samples then transferred to PFA vials, using 
minimal DDW to rinse vessels and heated at ~ 100°C 
for 10 hrs on a hot block or until dried down
Heating programme applied at 100% power (1200 W): ramp 
to 100°C over 5 mins, held at 100°C for 2 mins, ramp to 200°C 
over 5 mins, held at 200°C for 30 mins, then cooled < 50®C
Hair samples were reconstituted with 0.5 ml of conc. HNO3, heated for 
a further 30 mins at 50®C, and transferred to bottles by rinsing vials 
with 9.5 ml DDW to give a final solution of 5% HNO3
Figure 2.4: Microwave digestion method for washed human scalp hair utilised in this 
study, adapted fi'om Button eta l, 2009.
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2. L3.2 Arsenic Spéciation -  Human Scalp Hair
Arsenic concentrations are normally higher in hair and nails than in other parts of the 
body because of the high content of keratin, the sulphydryl groups (-SH) of which might 
bond trivalent arsenic (Mandai et al, 2003). Hair might be considered an excretory 
pathway, and once incorporated into the hair, arsenic is not biologically available 
(NRC, 1999). Arsenobetaine (AB), the major organoarsenic compound in seafood, is 
not accumulated in hair. That implies that arsenic in hair reflects exposure to inorganic 
arsenic only (NRC, 1999). One important advantage of arsenic spéciation in hair is 
related to the good stability of arsenic species when compared with other biological 
samples (blood, urine). Furthermore, there is the possibility of distinguishing 
endogenous and exogenous arsenic species when they are characterised (Sanz et al,
2007). There are very few reports available dealing with arsenic spéciation in hair. 
Methods have been proposed that utilise alkaline digestion (2 M NaOH) at 85 -  110°C 
for 3 hours (Shraim et al, 2003). Under these conditions, most of the As™ is oxidised 
to A s\ hence only the determination of total inorganic arsenic is possible. Arsenic 
species have also been successfully extracted with water by mechanical shaking (Sanz 
e ta l, 2007).
The method employed for the spéciation of washed human scalp hair samples collected 
from Argentina, was modified from a water extraction method originally used for the 
analysis of two specimens of Napoleon’s hair (Kintz et al, 2007). The method 
proposed by Kintz et al, 2007 used 0.2 g of washed scalp hair incubated in 0.5 ml of 
water and heated at 90°C for 6 hours; extractable total arsenic recoveries of 94 and 93% 
were achieved. Method development was carried out on this procedure using a spiked 
hair sample (containing 10 pg/1 each of As^ “, A s\ MA^ and DMA^) whilst varying 
both the extraction time (30 -  360 minutes) and temperature (50 -  90°C) to determine 
the optimum conditions for arsenic species recovery. It was proposed that a minimum 
volume of 5 ml of water be used for the methodology, ensuring sufficient volumes for 
both the ICP-MS analysis of total arsenic as well as HPLC-ICP-MS analysis for the 
arsenic species. It was also proposed that a fixed mass of 0.100 ± 0.001 g of washed 
scalp hair be used to ensure a fixed dilution factor of 50 for each sample. Therefore, 
only hair samples that provided the required mass were analysed for arsenic spéciation.
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spike recoveries were performed in triplicate at a known concentration of each arsenic 
species (10 pg/1 each of As™, A s\ MA^ and DMA^) using the method outlined, but 
with variations in either extraction time or temperature. The final solutions were 
analysed by ICP-MS for total arsenic and HPLC-ICP-MS for arsenic species levels, as 
described in Sections 2.4 & 2.7. The percentage (%) recovery results for arsenic 
spéciation as a function of extraction time variation (fixed at 90°C) is shown in Table 
2.9 and for extraction temperature variation (fixed at 30 minutes) in Table 2.10. Due to 
a lack of CRMs for arsenic species in human scalp hair, no data could be provided. 
CRM No. 13 Human Hair (National Institute for Environmental Studies, NIES, Ibaraki, 
Japan) was used alongside the spiked hair samples. Arsenic species data is reported as 
total arsenic and compared against the CRM total arsenic reference value of 0.1 mg/kg 
As.
Table 2.9: Percentage arsenic recoveries (mean ± standard deviation (SD)) for hair 
spéciation methodology with variations in extraction time, fixed at 90®C.
%
(11 = 3) As™ As^ MA^ DMA^ Total As CRM No. 13
30 min 81 ±7 69 ±3 80±4 108 ±15 84±3 96±7
60 min 91 ±7 48 ±1 60 ±0 73 ±9 69 ±4 77 ±10
120 min 88 ±25 50 ±10 81 ± 6 87 ±12 75 ±14 65±7
240 min 119 ± 20 43 ±5 65 ±12 62 ±21 73 ±14 62 ± 6
360 min 155 ±23 47 ±2 84 ±0 80 ±0 93 ±9 69 ±5
Table 2.10: Percentage arsenic recoveries (mean ± SD) for hair spéciation methodology 
with variations in extraction temperature, fixed at 30 minutes.
%
(n = 3) As™ As^ m a ' ' DMA^ Total As CRM No. 13
50°C 33±2 165 ±4 58 ± 3 62 ±4 75 ±2 53 ±7
60°C 92 ±6 51 ±7 70 ±12 114±1 81±4 150 ±16
70°C 30±3 21 ±5 61±0 71±3 45±3 171 ±10
80°C 31 ± 4 110±4 57±4 62 ±11 62 ±1 109 ±16
90°C 94 ±7 76 ±6 77 ±4 105 ±6 87 ±3 115±9
Data reported from extraction time and temperature variation studies (Tables 2.9 & 
2.10) showed the best conditions for the spéciation of arsenic in washed human scalp
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hair was achieved over a 30 minute extraction period at 90°C based on spiked hair data 
(Table 2.9). CRM No. 13 data was in agreement with the extraction time study (30 
minutes) but differed in extraction temperature, with 80°C providing the best recovery 
data (Table 2.10). However, in light of the differences that were observed between the 
recoveries of the spiked hair samples and the CRM, it was decided that the 30 minute, 
90°C extraction conditions would be utilised. The complete method for the spéciation 
of arsenic in washed scalp hair is shown m Figure 2.5. It was proposed that the spiked 
hair sample be used as an in-house reference material during all experimental work as 
an additional measure of method reliability. The mean (± SD) percentage recovery for 
total arsenic using the in-house reference material was 78 ± 9% {n = 6).
Added, 5 ml of DDW to each centrifuge 
tube. Tubes then placed in a heated water 
bath for 30 minutes at 90°C
Solutions were then stored at 4°C in a fridge, 
for no more than 24 hours before analysis by 
ICP-MS and HPLC-ICP-MS
0.100 ± 0.001 g of washed scalp hair was weighed 
out into 50 ml Sterilin® centrifuge tubes 
(Barloworld Scientific, Staffordshire, UK)
After 30 minutes, samples removed from water bath and 
filtered (0.45 pm) into clean 10 ml Sterilin® centrifuge tubes 
(Barloworld Scientific, Staffordshire, UK)
Figure 2.5: Methodology for washed human scalp hair spéciation adapted from Kintz 
e ta l, 2007.
2.1.4 Human Urine
Human urine samples were collected by trained personnel from volunteers of the study 
as stated in the ethical approval documentation (approval ref. EC/2009/14/FHMS) 
(Appendix Al). Mid-stream urine samples were collected using clean 30 ml Sterilin® 
bottles (Barloworld Scientific, Staffordshire, UK), identifiable through the use of a PIN, 
which corresponded to a questionnaire relating to the volunteer (Appendix A2). Sub­
samples were then filtered (0.45 pm) and stored in 15 ml Nalgene® bottles. All samples 
were stored in the dark at 4°C, which has been shown to be the most reliable
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preservation method of arsenic in urine for up to 4 weeks (Lee & Ladd, 2001), 
Samples were transported back to the UK as outlined in Section 2.1.1, along with the 
required ethical approval documentation (Appendix Al). The acidification of samples 
with either HNO3 or HCl has been reported to significantly change the distribution of 
arsenic species, therefore all analyses were performed on F/UA samples (Chen et al, 
2002; Lee & Ladd, 2001). On return to the laboratory urine samples were separated 
into aliquots and stored in a freezer at -20°C. Aliquots of each sample were defrosted 
(as required) to room temperature prior to analysis, to prevent continual freezing- 
thawing of the original sample. The thawing and refreezing of urine samples has been 
reported to affect the distribution of labile arsenic species, particularly As™ and As^ 
(Verdon et al, 2009). Total elemental analysis was performed by ICP-MS, utilising 
Human Urine CRM No. 18 for QC purposes as outlined in Section 2.8.
2.1.4.1 Creatinine -  Human Urine
Creatinine is a metabolite of phospho-creatine (p-creatine), a molecule used as a store 
for high-energy phosphate that can be utilised by tissues for the production of 
adenosine-5'-triphosphate (ATP) (Williams, 1999). Creatine is synthesised in the hver 
from arginine and glycine and is transported to muscles, which contain more than 90% 
of the total body stores of creatine, as well as other tissues including the heart and brain 
(Brosnan & Brosnan, 2007). Approximately 2% of the total body creatine is degraded 
to creatinine daily by non-enzymatic dehydration, which diffrises into the blood and is 
excreted by the kidneys (Williams, 1999). In vivo, this conversion appears to be 
irreversible and in vitro it is favoured by higher temperatures and lower pH (Wyss & 
Kaddurah-Daouk, 2000). This predictability makes creatinine a useful tool for 
normalising the levels of other molecules found in urine. In addition, altered creatinine 
levels can be used as an indicator of kidney dysfunction, or may be associated with 
other conditions that result in decreased renal blood flow, including diabetes and 
cardiovascular disease (Gross et a l, 2005; Anavekar et al, 2004).
The method used for the measurement of creatinine in human urine in this study is 
based on the Jaffé reaction, first proposed in 1886 (Wu, 2004). In this reaction, 
creatinine reacts with picric acid (C6H3N3O7) in alkaline solution to form a red-orange
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chromogen, which is detectable by ultra-violet/visible (UV/Vis) radiation at a range of 
480 -  520 nm (Section 2.6). The complete method is highhghted in Figure 2.6. All 
chemicals were Analytical Reagent grade (Sigma-Aldrich, Gillingham, UK) with the 
exception of creatinine, which was anhydrous grade (Sigma-Aldrich, Gillingham, UK). 
All urine samples were analysed in duplicate.
Alkaline picrate solution:
Mix 12.5 ml of 0.13% 
picric acid solution to 2.5 
ml 1 M NaOH. Store at 
room temperature for up to 
1 month
Incubate solution for 30 ± 5 
minutes at room temperature
Urine samples:
Dilute by a factor of 20 
prior to analysis. Sample 
volume required 0.5 ml
Creatinine stock (1 g/1):
Dissolve 1.0 g of creatinine 
in 1000 ml of DDW and 
store at 4°C
Add 1 ml of alkaline picrate solution to 
0.5 ml of standard/control/sample in a 
Bijou™ tube
Place solution in a disposable plastic 
cuvette and analyse at an absorbance 
of 490 nm
Figure 2.6: Creatinine assay method for human urine samples adapted from Bonsnes 
& Taussky, 1945.
2.2 Instrumentation
There are a wide range of analytical techniques that have been employed for the 
determination of total arsenic and arsenic species. Spectrometric methods, such as 
hydride generation (HG), is perhaps the most popular derivatization method used for the 
detection of inorganic arsenic (As^ ^^  and As^), since it was first reported by Holak in 
1969 (Reyes et al, 2008; Kuban et al, 2005; Hung et al, 2004; Hill, 1997; Holak, 
1969). Hydride generation was initially developed for use with atomic absorption 
spectrometry (AAS) as a trace element technique (Flanagan et a l, 2007; Broekaert,
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2005; Havfâov, 1996; Beaty & Kerber, 1993). Arsenic detection by HG-AAS occurs 
whereby sodium or potassium tetrahydroborate (NaBIL or KBH4) is used as a reductant 
for the generation of arsine (AsHs) as indicated in Equations 2.3 &  2.4 (Lolic et al, 
2008; Moretto & Cadore, 2004; Sigrist & Beldoménico, 2004; Anezaki e ta l, 1999; 
Neilsen et at, 1997). Alternative reducing agents used for the analysis of arsenic by HG 
include hydrochloric acid, potassium iodide and ascorbic acid (Masson et al, 2006; 
Moretto & Cadore, 2004; Semenova et al, 2002). The HG procedure can also be 
used for differential determination of As^ ^^  and A s\ based on the fact that As™ reacts 
with tetrahydroborate at a higher pH than As^ (Hung et al, 2004: Evans et a l, 1999).
As(OH) 3  + 3 BH4  + 3H  ^—> AsHs + 3 BH3 + 3 H2 O Equation 2.3
BH3 + 3H2O —> H3BO3 + 3H2 Equation 2.4
Hydride generation has brought a high level of sensitivity to arsenic spéciation, with 
typical detection limits of 0.1 pg/1 for As "^ and 0.06 pg/1 for total arsenic (Liu et a l,
2009; Helkens et al, 2007; Anthemldis et al, 2005; Koh et al, 2005; Narvaez et al,
2005). Hydride generation combined with AAS and atomic fluorescence spectrometry 
(AFS) can be used in conjunction with separation techniques such as resin-based low 
pressure ion exchange chromatography (Wei & Liu, 2007; Yalçin & Le, 1998), liquid- 
liquid extraction (Kowalewska et al, 2005; Pohl, 2004; Xin et a l, 2004), selective 
derivatization (Garcia-Alonso & Encinar, 2003; Anderson e ta l, 1986), cold trapping 
(Hsiung & Wang, 2004; Howard, 1997; Howard & Arbab-Zavar, 1981) and high 
performance liquid chromatography (HPLC) (Gregori et al, 2005; Satiroglu et al, 
2000; Gomez-Ariza e ta l, 1998; Le eta l, 1996).
Graphite furnace atomic absorption spectrometry (GF-AAS) or electrothermal atomic 
absorption spectrometry (ET-AAS) is one of the spectrometric methods capable of 
operating without HG and achieving sub pg/1 arsenic detection limits (Table 2.11) 
(Resano et al, 2008; Evans et al, 2004; Welz, 1999). The technique is based on the 
absorption of free atoms produced from a vaporised sample, which has been deposited 
in a small heated graphite tube (Holcombe, 2005; Hung et al, 2004). However, the 
majority of methods reported for the detection of arsenic based on GF-AAS require a 
degree of pre-concentration in order to increase sensitivity (Michon et al, 2007; 
Niedzielski & Sîepak, 2005; Sturgeon, 1997).
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Inductively coupled plasma (ICP) was first employed in the early 1960s (Karandashev 
et al, 2008; Mao & Russo, 1997; Dickinson, 1969). The ICP technique uses the 
plasma to ionise components after the sample has been sprayed into it. The high 
temperature of the plasma (typically 6,000 -  10,000 K) atomises and ionises all forms 
of arsenic so that the response does not vary with species as in the more traditional AAS 
methods which require thorough digestion prior to analysis (Hill et al, 2004; Hung et 
al, 2004). Often, ICP is used in conjunction with other analytical techniques, such as 
mass spectrometry (MS) (Nardi et al, 2009; Ataro et a l, 2008; De Bias Bravo et al, 
2007; Barres et al, 2005; Holmes & Pilvio, 2000) and atomic emission spectrometry 
(AES) (Ayranov et al, 2009; Cindric et al, 2007; Todol: & Mermet, 2006; 
Broekaert, 2000) as the inclusion of ICP eliminates any sample preparation time, 
which would be required in the absence of ICP (Hung et al, 2004). Inductively 
coupled plasma mass spectrometry (ICP-MS) is one of the most widely applied 
analytical techniques for arsenic detection (Table 2.11) (Melamed, 2005; Hung et al, 
2004). Numerous reports on the determination of total arsenic in water have appeared 
since the 1990s (Arain et al, 2009a; Sharma & Sohn, 2009; Smith et a l, 2008; 
Wang & Mulligan, 2006; Tamasi & Cini, 2004; Nakazato et al, 2002; Roig- 
Navarro et al, 2001; Feng et al, 1998; Pantsar-Kallio & Manninen, 1997a; 
Goossens e ta l, 1993). The main advantages of ICP-MS over ICP-AES are the isotope 
analysis capabilities of the plasma and lower detection limits, typically <0.1 pg/1 (Table 
2.11) (West et al, 2008; D’Amore et al, 2005). The possible drawback of ICP-MS 
equipped with a direct nebuliser is the possible interference from high levels of chloride 
due to the formation of argon chloride ("^ ^Ar^ ^Cf) in the plasma, which has the same 
mass as the mono-isotopic element arsenic (Hung et al, 2004; Wei et al,
2001). Instrumentation utilising collision cell technology (CCT) has been introduced to 
help eliminate argon-based polyatomic interferences, as discussed in Section 2.4.1.7.
The coupled technique of HPLC-ICP-MS gives a suitable method for the determination 
of non-volatile species of elements such as arsenic (Linge, 2006; Feldmann, 2005; 
Ponce de Leon et al, 2002; Lindemann et al, 2000). Although ICP-MS has multi­
element capability, currently this coupled technique is mainly used for spéciation 
analysis of single elements (Cao et al, 2009; Muller et al, 2009; Narukawa et a l, 
2008; Tao et «A, 2008; Carter et al, 2004; Rosen & Hieftje, 2004). Direct coupling 
between HPLC and AAS (Hansen et al, 1992) has been shown to give poor detection
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limits for arsenic (typically 5 0 -  100 pg/1 As), which could be improved to < 1 pg/1 As 
using a combination of HPLC-ICP-MS (All & Aboul-Enein, 2006; Feldmann, 2005; 
Hung et al, 2004; Baeyens et al, 2000; Gomez-Ariza et al, 2000; Zhang & Combs, 
1996).
Table 2.11: Summary of analytical techniques for total arsenic determination.
Sample treatment 
introduction/volume
Typical detection 
limit/sensitivity
LDR*
(pg/IAs)
Potential
interferences/
difficulties
AAS
Liquid solutions only, 
introduced into the flame 
by nébulisation as an 
aerosol. Relatively large 
sample volumes required 
( 3 - 5  ml).
Low mg/1. Can be improved 
further by a flame heated 
furnace atomiser or by 
thermo-spraying using a 
heated ceramic capillary.
RSD < 2%.
0 .1 - 1 0 ^
Matrix effects 
/isobaric 
interferences.
AFS
Liquid samples ( 2 - 4  ml) 
exposed to an external 
fluorescent radiation.
Detectable to low pg/1 As. 
Typical RSDs of 1 -  2%. 2 .5 -7 0
Potential 
interferences 
from cations.
GF-AAS
Samples analysed in liquid 
form, ashed and atomised. 
To reduce interferences, 
matrix modifiers are often 
added. Volumes-pi.
In the range pg/1 As or less. 
Precision achievable to 0.5% 
RSD.
0.3 -1 0
Interferences 
due to 
instability of 
analytes at high 
temperatures.
HG-AAS
Liquid sample (~ 5 ml). 
Treated with a reductant 
such as NaBHj or KBH4 
to reduce polyatomics.
Detectable to low pg/1 As. 
Typically precision in the 
range < 1%.
< 1 0 - 1 0 0
Potential 
interference 
from transition 
metals.
ICP-AES
Liquid samples introduced 
into a plasma system 
(typically argon) through 
the use of a nebuliser and 
spray chamber, as an 
aerosol. Less sample 
volume required compared 
to AAS typically 2 -  3 ml.
1 X 1 0 '  ^pg/1 As. 
Typical RSD of <0.1%.
10-3 _ j q 6
Spectral and 
physical 
interferences as 
outlined in 
Section 2.4.2.ICP-MS
< 1 X 10'^  pg/1 As. 
Typically precision 0.002% 
RSD.
< 1 0 ^ - 1 0 ^
LDR = Linear dynamic range (outlined in Section 2.4.6)
Source: Becker, 2008; Flanagan et al, 2007; Brown & Milton, 2005; Hung et al, 
2004; Semenova et al, 2002; Havezov, 1996
Colorimetric detection techniques often used for environmental samples, such as ultra­
violet/visible (UV/Vis) spectroscopy, have been shown to exhibit less sensitivity for the 
determination of both total arsenic and arsenic species when compared with 
spectrometric techniques (Dhar et al, 2004; Lenoble et al, 2003; Pillai et a l, 2000). 
Detection limits vary depending on the cliromogenic reagent used: azure B ranges fi'om 
200 -  1000 pg/1 for As™ (Cherian & Narayana, 2005); leucocrystal violet ranges from
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4 - 4 0  gg/1 for total As (Agrawal et al, 1999); Rhodamine-B ranges from 40 -  400 gg/1 
for total As (Pillai et a l, 2000), and silver diethyldithiocarbamate (Ag-DDTC) typically 
ranges from 5 -  250 pg/1 for total As (ASTM, 2003; Aggarwal et a l, 2002; Howard & 
Arbab-Zavar, 1980; Merry & Zarcinas, 1980; HMSO, 1978).
Ion chromatography (IC) is the principal technique used for the determination of cations 
and anions in aqueous samples (Hu et a l, 2002; Mouchère et al, 2001; Nesterenko,
2001). Simultaneous analysis is achievable through the coupling of cationic and anionic 
exchange columns in series and two pumps with flow-gradient capability (Deguchi et 
al, 1999). The determination of inorganic arsenic by IC is achievable. However, this 
technique is often used in conjunction with spectrometric methods such as ICP-MS for 
arsenic spéciation (Wei & Liu, 2007; Nakazato eta l, 2002).
The analytical techniques selected for this study were solid phase extraction (SPE) for 
field-based arsenic spéciation in waters, ICP-MS for the detennination of total arsenic 
iu environmental/human samples, HPLC-ICP-MS for the spéciation analysis of arsenic 
in environmental/human samples and IC for the determination of anions in natural 
waters. This decision was based on the sensitivity of the instruments, providing a 
potential reduction in elemental interferences and a wide linear dynamic range (LDR). 
Instruments were also selected based upon their availability, allowing for a high degree 
of reproducibility and repeatability.
2.3 Solid Phase Extraction (SPE)
Solid phase extraction (SPE) is a sample preparation technique that has evolved to be a 
powerful tool for the isolation and preservation of trace analytes in a variety of sample 
matrices (Ridgway et al, 2007; Huie, 2002; Nadig, 2002; Ligor & Buszewski, 2000; 
Miller gf al, 2000). Over recent years, SPE technology has grown to replace the liquid- 
liquid extraction teclmique due to the minimal use of solvents, simplicity and increased 
selectivity for analytes that can be achieved by SPE (De Mello & Beard, 2003; 
Gessner & Schmitt, 1996).
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2.3.1 Principles of SPE
The SPE procedure using commercially available SPE cartridges typically involves four 
basic steps: conditioning, retention of sample, eluting the undesirable material (where 
necessary) and finally isolating the desired material.
2.3.1.1 SPE Conditioning
Conditioning an SPE cartridge addresses two purposes. Firstly, the removal of any 
potential contamination present in the cartridge owing to manufacture, packaging and 
handling processes (Snyder & Dolan, 2006; Beemster, 2004; Simpson & Wells,
2000). Secondly, conditioning the cartridge saturates the packing material leaving it in 
a state that is compatible with the initial mobile phase and sample (Snyder & Dolan, 
2006; Beemster, 2004). Conditioning solvents (Table 2.12) should be of equal or 
stronger eluting strength than the strongest eluting solvent used to remove the analyte(s) 
of interest. Therefore, any possible contamination that might elute with the analyte(s) is 
removed from the cartridge prior to sample introduction (Self, 2005).
Table 2.12: Characteristics of solvents commonly used in SPE (*conjugate acid).
Polarity Solvent pKa Miscible in water?
non-polar
polar
strong weak Hexane 4.8 no
reversed normal Isooctane >50 no
phase phase Toluene 41 no
Chloroform 13.2 no
Dichloromethane 46.5 no
diethyl ether* -3.5 no
ethyl acetate 25 poorly
acetone 19.3 yes
acetonitrile 25 yes
1f isopropanol 17.1 yes
weak strong methanol 15.5 yes
reversed normal water 15.7 yes
phase phase acetic acid 4.8 yes
Source: Anslyn & Dougherty, 2006; Telepchak e^a/l, 2004; Moldoveanu & David, 
2002
If there is any conditioning solvent remaining or if the packing is completely dry (due to 
the improper conditioning of the cartridge), poor retention, poor recoveries and/or
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“dirty” isolated analyte(s) may result (Kebbekus, 2003; Papadoyannis & Samanidou, 
2003).
2.3.1.2 SPE Retention
The introduction of a liquid to a sorbent surface distributes the compound of interest 
between the liquid sample and the solid surface. This is achieved either by simple 
adsorption to the surface or through penetration of the outer layer of molecules on that 
surface setting up an equilibrium (Snyder & Dolan, 2006; Kebbekus, 2003; Poole,
2002). The distribution can be defined by a coefficient, Kd (Equation 2.5), indicating 
what quantity of the analyte has remained in solution and what has been adsorbed onto 
or entered the sohd phase (Simpson & Wells, 2000). Theoretically, this distribution 
coefficient (Kd)  should be defined in terms of activities of the analyte in either phase, 
but convenience dictates that concentrations are used (Equation 2.5) (Simpson & 
Wells, 2000):
K d [nnalyte] sorbent / [analyte] sample Equation 2.5
If this process occurs in a column packed with a sorbent material (for example, an SPE 
cartridge), in which the compound distributes into its outer layer, the process would 
more closely parallel distillation and Equation 2.5 converts to Equation 2.6 (Simpson & 
Wells, 2000):
K d = 1/(1 + k) or Vo / V r Equation 2 . 6
where k' is the capacity factor and Vq and Vr are the void volume or empty space in the 
column and the retention volume, respectively. For complete retention of a compound 
onto the solid surface the distribution coefficient needs to be very large (such as Kd > 
10,000). The process by which the analyte is completely adsorbed onto the solid 
surface is called retention (Beemster, 2004; Simpson & Wells, 2000).
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2.3.1.3 SPE Rinsing or Washing
During the retention step, other compounds contained within a sample may have been 
retained on the solid surface along with the compound of interest (Bidlingmeyer, 
1993). During the elution process, it is likely that some of these co-retained compounds 
may also be eluted in the compound of interest (Sel^ 2005; Beemster, 2004; Simpson 
& Wells, 2000). To minimise the interferences from these undesirable compounds 
during the analysis stage, the addition of one or more washing steps may be necessary 
between retention and elution, in an attempt to remove them (Snyder & Dolan, 2006; 
Kebbekus, 2003).
2.3.1.4 SPE Elution
In order to identify and quantify a compound of interest retained on a solid surface it 
must be successfully preserved, separated and collected (Bidlingmeyer, 1993). 
Typically, a chemical solution is required for the removal of an analyte from the 
sorbent. When a sorbent provides a more desirable environment for the analyte than the 
solid phase does, then the compound of interest is desorbed and can be collected in the 
liquid as it exits the SPE device. This process is called elution (Papadoyannis & 
Samanidou, 2003; Simpson & Wells, 2000; Bidlingmeyer, 1993).
2.3.2 SPE -  Types of Phases
The main aspects of sample preparation using SPE are satisfactory clean-up, sufficient 
analyte concentration, and efficient matrix removal (Simpson & Wells, 2000). It may 
be possible to achieve all tliree goals in one simple SPE extraction. However, for a 
given sample matrix there is likely to be an optimum sorbent that will give the best 
retention and elution for one specific analyte (Poole, 2002; Bidlingmeyer, 1993). If 
more than one analyte is extracted at a time it is unlikely that one sorbent will be the 
best choice for every one of these compounds (Bidlingmeyer, 1993). The wider the 
range of analytes, the greater the chance that several may retain or elute poorly from a 
given sorbent (Simpson & Wells, 2000).
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To help overcome such problems, manufacturers of SPE devices have developed an 
extensive range of sorbents (Table 2.13) -  utilising various strengths of Van der Waals 
(non-polar), hydrogen bonding or dipolar (polar) or coulombic (ion-exchange) 
interactions (Simpson & Wells, 2000).
Table 2.13: Sorbent types, acronyms, and extraction properties of common SPE 
sorbents based on bonded silicas.
Bonded phase Acronym Primaiy properties
Octadecyl Ci8, CDS Non-polar
Octyl Cg Non-polar
Ethyl C2 Non-polar
Phenyl PH Non-polar
Cyclohexyl CH Non-polar
Cyanopropyl CN (cyano) Non-polar/polar
Propanediol 20H(diol) Polar/non-polar
Silica (unbonded) SI Polar
Alumina (unbonded) AL Polar
Florisil® (unbonded) FL Polar
Diethylaminoetliyl DEA Weak anion exchange/polar
Aminopropyl NH2 Weak anion exchange/polar
Carboxyethyl CBA Weak cation exchange
Propylsulphonic acid PRS Strong cation exchange
Ethylbenzene sulphonic acid sex Strong cation exchange
Trimethylammonium propyl SAX Strong anion exchange
Source: Simpson & Wells, 2000
Ion exchange SPE can be used for compounds that are charged when in a solution 
(usually aqueous, but occasionally organic) (Wall, 2005; Moldoveanu & David, 2002; 
Poole, 2002; Sigma-Aldrich, 1998). Cationic (positively charged) compounds are 
isolated by using strong cation exchange (SOX) bonded silica cartridges (Table 2.13). 
Anionic (negatively charged) compounds can be isolated on a strong anion exchange 
(SAX) bonded silica cartridge (Table 2.13) (Durham, 2005; Sigma-Aldrich, 1998). 
The primary retention mechanism of the compound is based on the electrostatic 
attraction of the charged functional group on the compound to the charged group that is 
bonded to the silica surface (Zwir-Ferenc & Biziuk, 2006). In order for a compound to 
be retained by ion exchange from an aqueous solution, the pH of the sample matrix 
must be one at which both the compound of interest and the functional group on the 
bonded silica is charged (Sigma-Aldrich, 1998). Furthermore, there should be few, if 
any, other species of the same charge as the compound in the matrix that may interfere
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with the adsorption of the compound of interest. A solution having a pH that neutralises 
either the compound’s functional group or the functional group on the sorbent surface is 
used to elute the compound of interest (Sigma-Aldrich, 1998). When one of these 
fiinctional groups is neutralised, the electrostatic force binding the two together is 
disrupted and the compound is eluted. Alternatively, a solution with a high ionic 
strength, or one containing an ionic species that displaces the adsorbed compound, is 
used to elute the compound (Durham, 2005; Wall, 2005).
2.3.2.1 SPE -  Strong Cation Exchange (SCX)
The SCX cartridge material contains silica with aliphatic benzenesulphonic acid groups 
(Figure 2.7) bonded to the surface (Walker & Mills, 2002). The sulphonic acid group 
(-SO3’) is strongly acidic (pKa < 1), and attracts or exchanges cationic species in a 
contacting solution (Kebbekus, 2003). The bonded functional group is charged over 
the whole pH scale, and can be used to isolate strong cationic (very high pKa, > 14) or 
weak cationic (moderately high pKa, <12)  compoimds, as long as the pH of the 
solution is one at which the compound of interest is charged (Sigma-Aldrich, 1998). 
For a cationic (basic) compound of interest, the pH of the matrix must be 2 pH units 
below its pKa for it to be charged. Typically, the compounds of interest are strong or 
weak bases (Dufresne, 1998; Sigma-Aldrich, 1998).
Electrostatic interaction
Na Na
Na
Na
H3NNa
Retention Elution
Sorbent functional group
Figure 2.7; Principal mechanism of the strong cation exchange cartridge (SCX) 
(Macherey-Nagel, 2005).
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2 . 3.2.2 SPE -  Strong Anion Exchange (SAX)
The SAX cartridge material is comprised of an aliphatic quaternary amine group 
(Figure 2.8) bonded to the silica surface (Walker & Mills, 2002). A quaternary amine 
is a strong base that exists as a positively-charged cation which attracts or exchanges 
anionic species in the contacting solution (Kebbekus, 2003). The pKa of a quaternary 
amine is very high (greater than 14), making the bonded functional group charged at all 
pH values when in aqueous solution (Sigma-Aldrich, 1998). SAX cartridges are used 
to isolate strong anionic (very low pKa, < 1) or weak anionic (moderately low pKa, > 2) 
compounds, when the pH of the sample containing the compound of interest is charged 
(Sigma-Aldrich, 1998). For an anionic (acidic) compound of interest, the pH of the 
matrix must be 2 pH units above its pKa for it to be charged. Typically, the compounds 
of interest are strong or weak acids (Dufresne, 1998; Sigma-Aldrich, 1998).
Electrostatic interaction
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Figure 2.8: Principal mechanism of the strong anion exchange cartridge (SAX) 
(Macherey-Nagel, 2005).
2.3.3 SPE -  Role in Elemental Spéciation
The use of SPE in experimental applications started in the 1950s. However, it was only 
in the mid-1970s that its growing development as an alternative approach to liquid- 
liquid extraction for sample preparation was realised (Zhou et ai, 2006; Camel, 2003). 
It has been widely employed in the past 15 years for the purposes of pre-concentrating 
organic micro-pollutants (for example, pesticides) in water samples (Camel, 2003). 
However, numerous studies have also shown the vast potential of this technique for
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spéciation studies (Arora et aL, 2009; Mulugeta et aL, 2009; Hashempur et a l, 2008; 
Hu & Deming, 2005; Adriâ-Cerezo e ta l, 2000; Yalçin & Le, 1998; Ficklin, 1983).
Several studies report the use of SPE cartridges for arsenic, chromium, selenium and tin 
determination. Field-sampling methods for the determination of the inorganic arsenic 
species (As™ and As^) have employed the use of SAX cartridges for acid-mine drainage 
waters (Oliveira et al, 2006; Bednar et al, 2004). Anion exchange and reverse-phase 
SPE cartridges have also been used as low pressure chromatographic columns for the 
separation of As™ and As^ (Yalçin & Le, 1998). Various SPE cartridges for the 
spéciation of As™, A s\ MA^ and DMA^ have also been investigated based on their 
selective retention on and elution from specific cartridges (Yu et al, 2003; Yalçin & 
Le, 2001). Chromium spéciation has been achieved by carefiil adjustment of the sample 
pH for the retention of Cr^ and Cr™ on acid alumina at pH values of 2 and 7, 
respectively (Vassileva et a l, 2000). The use of certain sulphonated polystyrene- 
divinylbenzene resins has been reported to enable chromium spéciation (Camel, 2003). 
Selenium spéciation has focused on the use of SAX to separate selenite (Se^ )^ and 
selenate (Se^), through the adjustment of the water extract to a pH of 7 -  8 (Gomez- 
Ariza et a l, 1998). Both forms of inorganic selenium can be retained on acidic alumina 
and extracted from natural waters without any pH adjustment. Selective elution is 
achieved using ammonia at differing concentrations, thereby eluting Se^  ^and then Se^ 
(Camel, 2003). Commonly used methods for the spéciation of organotin compounds, 
which provide pre-concentration factors up to 1,000, require the use of bonded silica 
sorbents with a variety of functional groups, such as octadecyl (Cig), octyl (Cg) and 
ethyl (C2), to provide non-polar interactions (Table 2.13). Ceo fuUerenes have also been 
used for the retention of organotin compound extractions from water and coastal 
sediments (Dietz et al, 2007). Organotins can also be efficiently retained on SAX 
silica-based bonded phases and SCX polymeric-based phases. The presence of the NH4 
group is essential for the elution of the compounds (Camel, 2003; Gonzalez-Toledo et 
aA, 2001).
2.3.3.1 Arsenic Spéciation by SPE
On-site arsenic spéciation carried out in this study utilised pre-conditioned Varian 500 
mg Junior Bond Elut® strong cation exchange (SCX) and strong anion exchange (SAX)
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cartridges (Varian, Oxfordshire, UK) (Table 2.13). Prior to use the SCX and SAX 
cartridges were conditioned to help promote the successful interaction of the species 
onto the solid phase packing of the cartridges. Conditioning of the SCX cartridge was 
undertaken using 15 ml of 50% v/v Aristai® methanol (CH3OH, BDH, Poole, UK) 
followed by 15 ml of 1 M Aristar® phosphoric acid (H3PO4 , BDH, Poole, UK) and 5 ml 
of DDW (18.2 MD). The SAX cartridge was preconditioned using 15 ml of 50% v/v 
CH3OH and 5 ml of DDW (Figure 2.9). During storage of the conditioned SCX and 
SAX cartridges, a small volume of the DDW used in the final process of conditioning 
was lefl in the cartridges to retain a moist packing material. Prior to use in the field, this 
DDW was extinguished from the cartridges using an air-filled 20 ml BD™ plastic 
syringe. Following conditioning, the cartridges were connected in series with a 0.45 pm 
filter (Figure 2.9). A known volume of sample water (30 ml) was then passed through 
the assembled kit using a clean/rinsed disposable 20 ml BD™ plastic syringe at a rate of 
~ 5 ml/min into a clean 30 ml Nalgene® bottle. Once the sample had been passed 
through the cartridges, aii was forced through to ensure that no solution remained 
within the cartridge material. The effluent along with the cartridges was then stored at 
4°C. The effluent retained the As^ ^^  species, the SCX cartridge retained DMA^ and the 
SAX cartridge captured the MA^ and As^ species (Figure 2.9).
Cartridge conditioning processes
^ C X  Cartridge SAX C a r tr id ^
15 ml 50% v/v 15 ml 50% v/v 
CH3OH CH3OH
15 m il M H3PO4 10  ml DDW 
10 ml DDW
Field Sampling 
Sample
j -  0.45 pm filter
1  SCX  
>-Cartridge 
(D M A '')
SAX  
>- Cartridge  
(MA  ^& As^ ){
AsHI
Cartridge elution processes
r  ' \
5 ml 5 ml 80 mM CH3COOH (MA^) 
1 M HNO3 5 ml 1 M HNO3 (DMA'')
SCX SAX
DMA
'
MA'" As'^
Key: As™ = arsenite 
As^ = arsenate
MA = monomethylarsonic acid 
DMA^ = dimethylarsinic acid
Figure 2.9: Field-based arsenic spéciation methodology (preservation and separation).
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On return to the laboratory, a 5 ml aliquot of DDW was passed through the cartridges 
and collected in the respective effluent bottle. This was to ensure the complete removal 
of arsenic from the sorbent materials, which would affect the recovery data when 
analysed by ICP-MS. Subsequent elution of the species captured on the cartridges was 
achieved using 5 ml of 1 M HNO3 for DMA^ on the SCX cartridge into a 15 ml bottle. 
MA^ was firstly eluted from the SAX cartridge with 5 ml of 80 mM Aristar® acetic acid 
(CH3COOH, BDH, Poole, UK) into a 15 ml bottle followed by 5 ml of 1 M Aristar® 
HNO3 to elute the As^ species also retained on the SAX cartridge, which was eluted 
into a separate 15 ml bottle (Figure 2.9). All the arsenic fractions collected from the 
SPE cartridges were stored at 4°C prior to analysis.
Based on the SPE methodology, a pre-concentration factor of x6 is applied to the eluted 
fractions of A s\ MA^, and DMA^ from the SPE cartridges (30 ml water sample passed 
through the cartridge set-up, followed by arsenic species removal with 5 ml eluting 
solution). A subsequent x2 dilution was performed prior to ICP-MS analysis, resulting 
in a final pre-concentration factor for A s\ MA^ and DMA^ of x3. The As™ species 
collected in the effluent undergoes a dilution factor of xl.2, as 5 ml of DDW is 
subsequently passed through the cartridges and collected in the 30 ml As?^  ^ fraction on 
return to the laboratory. The limit of detection (LOD) for each arsenic species by ICP- 
MS is outlined in Section 2.4.5.
The main limitation to the use of SPE methodology for the assessment of arsenic 
species in the field is the effect on the ion exchange efficiency of the cartridges from 
high matrix components and competing ions in the waters. The presence of fluoride, 
chloride (25 mg/1) and phosphate (1 mg/1) has been shown to inhibit MA^ retention on 
the SAX cartridge, with recoveries of 75, 68 and 79%, respectively (Watts et a l, 2010). 
However, enhancements were seen in the subsequent As^ fraction eluted from the SAX 
cartridge effluent. Conversely, for sulphate (25 mg/1), enhancement was seen in the 
MA^ fraction (113%) and a reduction in As^ (79%), as reported by Watts et al, 2010. 
Measurement of water conductivity is one way to address this problem. A ceiling value 
of 1500 pS/cm was established at which conductivity remained relatively constant with 
varying percentage differences between total arsenic measurements in F/A water and 
the sum of arsenic species measured using the SPE method (Appendix Bl). Therefore, 
in order to overcome high matrix effects, a dilution factor of x2 or higher should be
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applied to a water sample that exceeded the 1500 pS/cm limit, using DDW (pH 6.8) 
immediately prior to spéciation through the SPE cartridges. This reduces the potential 
for saturating the cartridges, as reported in other studies (Bednar et al, 2004; 
Garbarino et al, 2002). Other studies have reported the partial oxidation of the 
inorganic species As°^  to A s\ most probably tlirough oxidative contact with manganese 
oxide in the water during transportation of the samples (Kunzru & Chaudhuii, 2005; 
Tani eta l, 2004).
2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Inductively coupled plasma mass spectrometry (ICP-MS) was developed in the late 
1980s to combine the ease of sample introduction and rapid analysis of ICP technology 
with the accurate and low detection limits of MS. The resulting instrument is capable of 
trace multi-elemental analysis, often at the ng/1 level (Khandpur, 2006; Thomas,
2001).
2.4.1 Principles of ICP-MS
There are a number of different ICP-MS instrument designs currently available, which 
share many similar components, such as a nebuliser, spray chamber, plasma torch and 
detector (Figure 2.10), but can deviate quite significantly in the design of the interface, 
ion focusing system, mass separation device and vacuum chamber (Olesik, 2000).
Ion detector MS interface
ICP torch
• • •  IIIIIon optics Spray
chamber
\ \
/ /
Nebuliser
Radio power 
supply
Mechanical
pump
Mass separation 
device
Turbo-
molecular
pump
Turbo- 
molecular 
pump
Figure 2.10: Schematic of an ICP-MS instrument (Thomas, 2008).
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2,4.1.1 ICP-MS -  Sample Introduction
In order to use ICP-MS for chemical analysis on virtually any type of material, it is 
necessary to convert a sample of the material to a form that is suitable for introduction 
into the plasma, where ionisation takes place (O’Connor & Evans, 2007; 
Beauchemin, 2006; Nelms, 2005; Evans et al, 2002; Boss & Fredeen, 1997). The 
nature of the sample introduction technique is dependent on numerous factors: (i) the 
type and form of the sample specimen; (ii) the analyte concentration levels; (iii) scope 
and chemical form of the analytes to be determined; and (iv) the quantity of sample 
available for analysis (Bacon et al, 2000; Taylor, 2000).
The sample (typically in an aqueous form) is pumped at -  1 ml/min, usually with a 
peristaltic pump, into a nebuliser (Figure 2.10), where it is converted into a fine aerosol, 
representing only 1 -  2% of the sample. The fine droplets of aerosol are separated from 
larger droplets by means of a spray chamber (at a temperature of 4®C). They then 
emerge from the exit tube of the spray chamber and are transported into the plasma 
torch via a sample injector (Nelms, 2005; Taylor, 2000; O’Connor & Evans, 1999).
The sample introduction unit is the key component of the system, passing the original 
sample, presented for analysis, to the remainder of the instrument. Sample introduction 
systems are available for gas, liquid and solid samples (Thomas, 2008; Nelms, 2005; 
Taylor, 2000; Sing, 1999). To use these systems, a preliminary form of sample 
preparation is often required in order to modify the sample prior to introduction into the 
instrument. These preliminary steps can consist of filtration, grinding, polishing, 
fusion, digestion, dissolution, or other forms of sample modification, which assist in the 
reproducible presentation of the sample to the plasma for ionisation prior to 
measurement (Olesik, 2000; Taylor, 2000).
During these preparation steps, fiirther modification of the sample can be achieved, for 
example pre-concentration of the analyte or separation from potentially interfering 
components in the sample (O’Connor & Evans, 2007; Taylor, 2000). Therefore, the 
chosen sample introduction technique can play an important role in the design of the 
optimum strategy of analysis (Table 2.14).
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Table 2.14: Summary of common sample introduction techniques for ICP-MS
elemental analysis.
Gaseous samples Liquid samples Solid samples
• hydride generation • cross-flow pneumatic nebuliser • direct insertion
• cold-vapour • concentric pneumatic nebuliser • spark atomisation
generation (mercury) # Babington-type nebuliser • laser ablation
• chromatographic - Conespray • slurry nébulisation
- gas chromatography - platinum grid # field flow
- supercritical fluid - fi-itteddisk fi'actionation
chromatography - USGS
- V groove (slot)
e ultrasonic nebuliser
# thermospray nebuhser
# micro volume nebuliser
* direct injection
- high efficiency
- micro concentric
- electrospray
- electrothermal vaporisation
Source: O’Connor & Evans, 2007
2.4.1.2 ICP-MS -  Inductively Coupled Plasma
The definition of a plasma is an electrically neutral gas made up of positive ions and 
free electrons. Plasmas have sufficiently high energy to atomise, ionise, and excite 
virtually all elements in the Periodic Table, which are intentionally introduced into it for 
the purpose of elemental chemical analysis (Thomas, 2008; O’Connor & Evans, 
2007; Nelms, 2005; O’Connor & Evans, 1999).
Inductively coupled plasmas are formed by coupling energy produced by a Radio 
Frequency (RF) generator to the plasma support gas with an electromagnetic field. 
When a tangential (spiral) flow of argon at ~ 15 Fmin passes between the outer and 
inner tube of a quartz torch (Figure 2.11) placed in an induction coil (also called a load 
coil - usually copper) to which an RF power between 750 and 1700 W is applied, an 
alternating current oscillates within the field (Becker, 2008; O’Connor & Evans, 
2007; Nelms, 2005).
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Figure 2.11: Schematic of the plasma torch and RF coil relative to the ICP-MS 
interface (Thomas, 2008).
The type of RF generator used governs the frequency of oscillation; most commercial 
instruments operate at a frequency of either 27.1 MHz or 40.6 MHz. These oscillations 
create electrical and magnetic fields at the top of the torch. If a spark is then applied to 
the argon gas via a Tesla coil, electrons are stripped from some of the argon atoms. 
These electrons are then trapped in the magnetic field and are accelerated in the closed 
circular paths (Nelms, 2005; Thomas, 2003; Taylor, 2000; Turner & Montaser, 
1998). This sustaining process is known as inductive coupling and the plasma tbnned is 
referred to as an inductively coupled plasma (ICP). The collision of these rapidly 
moving electrons with neutral argon atoms causes further electrons to be stripped from 
the atoms creating a chain reaction. The formed annular plasma fireball consists of 
neutral argon atoms, positively charged argon ions and electrons (Jakubowski, 2008; 
Nelms, 2005). The plasma will exist for as long as the RF power is supplied to the 
induction coil. The plasma operates at a temperature between 6,000 -  10,000 K, 
depending on the region in the plasma. The sample aerosol is readily desolvated, 
vaporised, thermally atomised and then at least partially ionised in the ICP.
Thermal ionisation is induced by collisions among ions, atoms and free electrons in the 
plasma (Equations 2.7 -  2.9) (Khandpur, 2006; Nelms, 2005; Thomas, 2003; Taylor, 
2000; O’Connor & Evans, 1999; Vandecasteele & Block, 1993).
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Electron impact: M + e' -> + 2e' Equation 2.7
Charge transfer: M + Ar  ^-» + Ar Equation 2.8
Penning ionisation: M + Ar^ "^  -» + Ar + e' Equation 2.9
where M is the analyte and Ar is the argon plasma gas is the metastable species). 
If an electron absorbs sufficient energy equal to its first ionisation energy, it escapes the 
atomic nucleus and an ion is formed. In the ICP the major mechanism by which 
ionisation occurs is thermal ionisation. When a system is in thermal equilibrium the 
degree of ionisation of an atom is given by the Saha equation (Equation 2.10) 
(Jakubowski, 2008; O’Connor & Evans, 2007; Ebdon etaLy 1998):
!M k = 2 - TIm ik—
h
exp(- E^  I k t)  Equation 2.10
where W/, Ue and ita are the number densities of the ions, fi'ee electrons and atoms, 
respectively, Z, and Za are the ionic and atomic partition fimctions, respectively, m is the 
electron mass, k is the Boltzmann constant (1.380650 x 10^  ^ m^  kg/s^/K), T is the 
plasma temperature (6,000 -  10,000 K), h is Planck’s constant (6.626068 x 10^  ^m  ^
kg/s) and Ei is the first ionisation potential (O’Connor & Evans, 1999).
The extent of the ionisation, which is primarily a function of the first ionisation 
potential of the element relative to that of argon (15.76 eV), influences a number of 
factors including sensitivity and susceptibility to certain sample matrix effects. In argon 
plasmas, under hot plasma conditions, most of the elements in the Periodic Table 
produce predominantly singly charged ions at yields ranging fi*om 5 -  100% 
(O’Connor & Evans, 2007; Zhang, 2007; Nelms, 2005).
2.4.1.3 ICP-MS -  Sampling Interface
Tlie objective of the interface region is to representatively sample ions produced in the 
ICP, export them fi-om the high-temperature atmospheric pressure argon plasma, and aid 
their transport into the mass spectrometer, whereby they are isolated and their 
concentrations in the ion beam are measured (Figure 2.12). The method to perform this
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action requires the use of two or more concentric water-cooled cones fabricated of metal 
(commonly nickel or platinum) (Jakubowski, 2008; Olesik, 2000; Taylor, 2000).
^Skimmer mount
.Sampling cone
Slide valve plate
Annulus Torch
High vacuum
Skimmer
ooo
ume
To vapour 
pump
To rotary 
pump
Figure 2.12: Schematic of the ICP-MS interface (Jenniss etaL, 1997).
The outside cone, called the sampler or extraction cone, is positioned in the plasma such 
that the orifice, located at its apex, is immersed in the normal analytical zone. The 
diameter of the orifice is ~ 1 mm. On passing through this orifice the gas expands 
adiabatically (without the gain or lose of heat), causing a decrease in gas density and 
kinetic temperature. The enthalpy (internal energy) of the source gas is converted into 
directional flow and the gas temperature drops (O’Connor & Evans, 2007).
Ions produced in the plasma pass through the orifice and form an ion beam. An 
additional cone called a skimmer is positioned immediately behind the sampling cone at 
a distance of a few millimetres (Figure 2.12). The skimmer cone has a much smaller 
orifice at its apex (< 0.5 mm in diameter). This orifice samples the supersonic gas jet 
expanding through the sampler cone orifice, directing ions into the mass spectrometer 
(Nelms, 2005; Boss & Fredeen, 1997).
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A dual vacuum pumping system is employed to reduce the pressure from the 
atmospheric plasma to the necessary operating pressure of the mass spectrometer. 
Firstly, the area between the sampler and skimmer cones is evacuated to a pressure of 
about 2 mbar (10^ atmospheres, atm) with a mechanical vacuum pump. Tlien the 
region beliind the skimmer cone is reduced to a pressure of about 1 0 '^  mbar ( 1 0 ’^  atm), 
the normal operating pressure of the mass spectrometer, with an oil diffusion or turbo- 
molecular pump (Taylor, 2000; Montaser et al, 1998).
When tlie ion beam passes tlirough the sampling interface and enters tlie mass 
spectrometer a negatively charged extraction electrode is used to attract positive ions 
and transport them into the electrostatic lens assembly. This set up fiirther focuses the 
ion beam and prepares it for ion analysis by the mass spectrometer (Taylor, 2000).
2.4.1.4 ICP-MS -  Ion Beam Focusing Unit
Ion focusing is achieved by subjecting charged ions to constant electric fields. These 
electric fields have an accelerating effect on the ions. If the field strength is too high 
ions may be accelerated to such an extent that their residence time in certain analysers is 
not sufficient for effective mass analysis (O’Connor & Evans, 1999). In order to 
construct an effective ion optical array it is necessary to calculate the path taken by ions 
in the electrostatic fields. Therefore, several assumptions must be made about the 
conditions, electric fields and ion interactions, namely that:
(i) an ion is a free particle with a positive charge;
(ii) ionic velocities are small in comparison to the speed of light;
(iii) the density of the ion beam is not great enough to induce space charge (ion- 
ion repulsions) effects;
(iv) the presence of the ions brings about no appreciable change to the
electrostatic fields they are subjected to; and
(v) vacuum conditions are assumed to be adequate to give the ions the
necessary mean free path (Hill et al, 2000; O’Connor & Evans, 1999).
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Ion lenses are required to assist in the transport of these positively charged ions as they 
leave the sampling interface region. The lenses are typically comprised of one or more 
cylindrical electrodes through which the ion beam passes. By independently varying 
the potentials on each of these lenses the ion beam can be collimated and focused. The 
first component of an ion lens set often consists of a metal disk called a photon stop. 
This is mounted in direct alignment with the ion beam behind the skimmer cone of the 
interface. The purpose of the photon stop is to intercept photons and energetic neutral 
species produced by the ICP, thereby preventing them fi*om entering the mass analyser. 
The positive analyte ions in the ion beam are directed by positively charged lenses to 
defect around the photon stop, and as a result recombine on the opposite side (Taylor, 
2000).
2.4.1.5 ICP-MS -  Mass Analyser
Ions produced by the ICP are measured through the use of a mass spectrometer. The 
mass spectrometer is essentially a mass filter designed to isolate a specific mass-to- 
charge ratio {m/z) ion from the multi-ion beam (Olesik, 2000). After separation, the 
individual ion beams, which are characteristic of specific charged isotopic or molecular 
species, are sequentially or simultaneously directed to a detector devised to measure 
their individual ion currents. The magnitude of these ion currents is proportional to the 
population of the analyte ion species in the multi-component ion beam sampled from 
the ICP (O’Connor & Evans, 2007; Nelms, 2005; Evans et a l, 2002). Therefore, 
measurement of the m/z allows qualitative identification of the isotope/molecule being 
measured, and the magnitude of the ion current (based on the introduction of known 
elemental standard solutions) is used to provide quantitation of the amount of the 
analyte in the original sample (Taylor, 2000).
A quadnipole mass spectrometer consists of four precisely machined cylindrical rods 
aligned parallel to each other in a symmetrical configuration (Figure 2.13). These rods 
are manufactured of highly polished metal or metal-plated (gold) ceramic. The centre 
space contained between the rods is aligned concentric with the ion beam passing 
through and configured by the electrostatic ion lenses (Olesik, 2000). When a mixture 
of varying m/z ions pass through this centre space, travelling parallel to the length of the
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rods, only a single m/z ion species is permitted to traverse unimpeded and exit at the 
opposite end. All other m/z ion species are rejected by the quadrupole (Taylor, 2000).
The operation of this quadrupole spectrometer involves the application of both a direct 
current (dc) potential (E) and an RF alternating current potential (V cos(ot)) to pairs of 
the rods. A combined electrical potential of (E + V cos(mt)) is applied to two 
oppositely positioned rods, while simultaneously an applied combined potential of -  (E 
+ V cos(o)t)} is applied to the other two opposing rods such that they oscillate 180” out 
of phase (O’Connor & Evans, 2007; Nelms, 2005).
As the electrical potentials on the rods vary, an electromagnetic field is established that 
combines with the beam of mixed ion species. Each ion will be deflected into a spiral 
path, the magnitude of which is related to the fields created by the applied potentials 
(Becker, 2008). All ions, with the exception of those with a specific unique m/z, will be 
deflected in such a way as to cause them to travel in a wide spiral and collide with the 
quadrupole rods. Those ions, with a unique m/z, will continue in a stable path through 
the central axis of the rods, exiting at the opposite end for eventual interaction with the 
ion detector positioned behind the quadrupole rods. Selective ions, with a specific m/z 
that traverse through the quadrupole are determined by the reproducible application of 
the electrical potentials to the rods (Bacon et al^ 2000). The measurement of a specific 
m/z ion current is termed single-ion monitoring.
Ion
beam
Figure 2.13: Schematic of a quadrupole mass analyser (Becker, 2008).
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2.4.1.6 ICP-MS -  Data Acquisition
The usual method of detection of ions is the electron multiplier, which consists of 10 -  
20 dynodes. This detector has a very fast response time, low noise, and a wide dynamic 
range. The Faraday cup detector is much less sensitive, however it is easily calibrated. 
It consists of a cup placed in the path of the ion beam. The charge from the collected 
ions is measured directly (Kebbekus & Mitra, 1998). Detection of ions can also be 
carried out with a channel electron multiplier, a device that operates similarly to an 
electron multiplier, but which does not contain discrete dynodes. It consists of a horn- 
shaped glass tube, coated on the inside with a lead oxide semi-conducting material 
(Kebbekus & Mitra, 1998). A voltage difference is applied to the cone, with the wide 
end being held at about -  3 kV, and the back at near ground (Krems et aL, 2005). As 
ions impact the oxide near the entrance, electron ejection occurs. These electrons 
bounce down the tube, in turn producing more electrons at each encounter with the 
walls. The resulting pulse of electrons at the end of the tube is amplified by a factor of 
10^ . The advantage of this detector over electron multipliers is that exposure to air will 
not damage them if the voltage is not on at the time. However, these multipliers have a 
limited lifetime and must be replaced when the sensitivity begins to decline, and higher 
voltages must be applied to keep the response at the same level (Kebbekus & Mitra, 
1998).
2.4.1.7 ICP-MS -  Collision Cell Technology (CCT)
A  small number of elements are renowned for having poor detection limits by ICP-MS. 
These are predominantly elements that suffer from a lower first ionisation potential than 
that of the plasma gas -  typically argon (15.76 eV) as determined by the Salia equation, 
(Equation 2.10) with the result that few ions are produced. This causes major spectral 
interferences from ions generated from the argon gas, solvent, or sample matrix. 
Examples of these interferences would be ^^Arlf on the determination of ; '‘^ Ar^  on 
the determination of ; '‘^ Ar^ ^C^  on the determination of "^^Ar^W on the 
detennination of ^^ Fe^ ; '‘^ Ar^^Cf on the determination of ^^ As"^ ; and on the
determination of ^^ Se"^  (Broekaert, 2005; Taylor, 2000). Collision/reaction cell
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technology (CCT/RCT) was developed for ICP-MS in the late 1990s to help deal with 
these interference problems (Thomas, 2003; Feldmann et aA, 1999).
With this approach, ions enter the sampling interface in the normal manner and are then 
extracted under vacuum conditions into a collision/reaction cell, which is positioned 
before the analyser quadrupole (Thomas, 2008; B’Hymer & Caruso, 2006; Mariella 
et al., 2006). A collision/reaction gas, such as hydrogen (H2) or helium (He), is then 
bled into the cell, which consists of a multipole (a quadrupole, hexapole, or octapole), 
usually operated in the RF-only mode. The Rf-only field does not separate the masses 
like a traditional quadrupole, but instead has the effect of focusing the ions, which then 
collide and react with molecules of the collision/reaction gas and in so doing lose 
kinetic energy, a process referred to as thermalisation (O’Connor & Evans, 2007; 
B’Hymer & Caruso, 2006; Nelms, 2005; Thomas, 2003). The ion-molecule reactions 
that can take place include neutralisation, association and condensation and these 
reactions persist whilst the ions and molecules remain within the stability field of the 
cell. By a number of different ion-molecule collision and reaction mechanisms 
polyatomic interfering ions like ^^ ArET, "^ ^Ar\ "^ A^r^ O^"^  and '‘^ Ar^^Cf will either 
be converted to harmless non-interfering species, or the analyte will be converted into 
another ion, in which no interference is observed (Equations 2.11 & 2.12) (Thomas, 
2008; Hill et a i, 2000; Feldmann et a l, 1999).
^^ArH  ^+ H2 <=> Ha  ^+ Ar Equation 2 .1 1
+ H2 + H2 (no reaction) Equation 2.12
The advantage of employing this method for interference reduction (instead of using a 
high-resolution mass spectrometer) is that in many cases reactions proceed without the 
loss of sensitivity (O’Connor & Evans, 2007; Yip & Sham, 2007; Broekaert, 2005). 
There are certain drawbacks affiliated with the use of collision/reaction cells. 
Sometimes unwanted reactions will suppress analyte ion transmission leading to a loss 
of sensitivity. They may also give raise to the production of additional interferences 
(O’Connor & Evans, 2007; Taylor, 2000; Feldmann et at., 1999; Ebdon e ta l, 1998; 
Boss & Fredeen, 1997).
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2.4.2 Limitations of ICP-MS
Interferences in ICP-MS are generally classified into two major groups: physical and 
spectral based interferences (ACS, 2006; Thomas, 2003). Each has the potential to be 
problematic in its own right, but the introduction of modem instrumentation and good 
software, combined with optimised analytical methodologies, have minimised their 
negative impact on trace element determinations by ICP-MS (Thomas, 2003).
2.4.2.1 Physical Interferences
Physical interferences are affiliated with sample properties affecting the sample 
introduction metliod and ionisation of the sample in the plasma (Taylor, 2000; 
Prichard et ai, 1996). Changes in viscosity of the sample will influence the 
nébulisation efficiency and lead to variations in the aerosol that is produced, resulting in 
overall suppression/enliancement of the ion signal, thereby producing errors in the 
measured elemental concentrations (Beauchemin, 2006). The volatility of the sample 
also affects aerosol formation. Volatile species in the sample will yield a higher vapour 
pressure in the spray chamber, leading to improved transport efficiency to the plasma 
for these elements. This results in an enhancement of the signal from the volatile 
species and a concomitant suppression of the signal from the other analytes (Prichard 
et al, 1996).
Internal standardisation is a widely used method in a variety of analytical techniques to 
overcome these problems, particularly in ICP-MS (Finley-Jones et a l, 2008; 
Harrington et al, 2004; Benkhedda et al, 2002). The method involves adding 
(spiking) an element(s) to all the solutions to be analysed (blanks, standards, samples) at 
the same concentration. Tlie use of an internal standard may also be used to 
compensate for instrumental drift. The element(s) selected as internal standards should 
be:
(i) free from spectral interferences;
(ii) of no analytical interest in the samples;
(iii) close in mass to the elements of interest;
(iv) ideally mono-isotopic; and
(v) of a similar 1  ^ionisation potential (Prichard et al, 1996).
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When the blanks, standards and samples are analysed, the intensities for the elements of 
interest are ratioed against the intensities obtained from the internal standard(s). Once 
the ratios have been obtained the elemental concentration can be calculated. The 
method assumes that the internal standard(s) will behave in a similar manner to the 
elements of interest. Therefore, a suppression/enhancement of the signal will also cause 
the internal standards to be suppressed/enhanced such that the effect is cancelled once 
the ratios have been taken (Fifield, 2000).
2.4.2.2 Spectral Interferences
Spectral interferences observed in ICP-MS can be divided into two further groups, 
isobaric and polyatomic. Both forms of interference arise as a result of the low 
resolution (unit mass) of the quadrupole mass filters used in the instruments (Brouwers 
e ta l, 2008; O’Connor & Evans, 2007; Prichard e ta l, 1996).
Isobaric interferences arise when an isotope of an element overlaps with an isotope of 
another element with the same nominal mass, for example ^^ Rb^  overlaps with ^^ Sr"^  
(Becker, 2008; Nelms, 2005; Krouse, 2000). The problem is worse when the 
abundance of the interfering isotope is higher than the abundance of the analyte isotope. 
In most cases suitable isotopes may be selected which do not suffer from isobaric 
interferences (Broekaert, 2000; Krouse, 2000).
Polyatomic interferences result from molecular ions formed either in the high- 
temperature plasma or in die interface region between the plasma and the mass filter. 
These polyatomic ions may then interfere with isotopes of the same nominal mass 
(O’Connor & Evans, 2007; Beauchemin, 2006; Broekaert, 2000). The polyatomic 
species generally arise from the plasma support gas (argon) and entrained gases 
(oxygen, nitrogen), reagents used during sample preparation (H2 O2 , CH3OH), and the 
sample matrix (matrix ions or salts), which may cause a change in the electron density 
of the plasma (Prichard et al, 1996). Interferences of this type can arise from the use 
of certain acids (H2 SO4 , HCl, HF) in sample preparation. Oxide formation can also be a 
problem especially for the rare earth elements; the oxides of one rare earth tend to 
interfere with other members of the rare earth series (Nelms, 2005). Doubly charged
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ions are also formed to some extent in the plasma, and give rise to an interference at 
exactly half the true mass, for example, interferes with ^^ Ga^ . The degree to
which doubly charged and polyatomic species are present in the plasma may be 
influenced to some extent by the instrument operating conditions, the sample 
preparation step and the use of acids, although total removal of these species is rarely 
achieved (Becker, 2008; Prichard eta l, 1996).
2.4.3 ICP-MS -  Instrumentation
Tlie ICP-MS instrument utilised in this study was a quadrupole Agilent 7500-CX Series 
(Agilent, Cheshire, UK) with a CETAC ASX-500 Autosampler controlled througli the 
use of dedicated Agilent software (ChemStation) courtesy of the British Geological 
Survey, Keyworth, Nottingham. The optimisation of the instrument is highlighted in 
the following sections.
2.4.4 ICP-MS -  Operating Conditions
Optimisation of the Agilent 7500-CX ICP-MS mstrument was performed prior to 
calibration, validation and analysis of a set of samples. Non-metals haying high 
ionisation energies, such as arsenic, give good yields of singly charged ions 
(Vandecasteele & Block, 1993) in the ICP, with around a 65% efficiency (McCurdy 
& Potter, 2001). Optimisation of the Agilent 7500-CX ICP-MS instrument was 
performed daily for arsenic and tuned using a 100 pg/1 dilution of Claritas PPT® multi­
element tune solution 1 (SPEX CertiPrep® Ltd, Middlesex, UK). Internal standards of 
200 ng/1 ’Lr, 200 ng/1 ":Sc\ 1000 (ig/1 4 gg/1 '“ Rh^ 4 gg/1 " W ,  50 ggA
2 gg/1 and 20 gg/1 ’” lr* were utilised for multi-element analysis. Adjustments 
were made to the forward power, nebuliser gas flow rates and ion lens positions. After 
modification of the adjustment parameters, signal values were observed until a 
maximum sensitivity for arsenic was achieved. Parameter settings were then saved and 
used in the corresponding sample analysis. Operating conditions used in the study also 
produced good sensitivity for the simultaneous analysis of the other elements under 
investigation. The typical operating conditions for the Agilent 7500-CX ICP-MS 
instrument are shown in Table 2.15.
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Table 2.15: Typical operating conditions for the Agilent 7500-CX ICP-MS instrument.
Parameter Typical operating conditions
Forward power 1550 W
Reflected power <20W
Plasma gas flow rate 15 1/min
Auxiliary gas flow rate 0.8 1/min
Nebuliser carrier gas flow 0.8 1/min
Nebuliser make up gas flow 0.221/min
Cooling water temperature 15-40°C
Cooling water minimum flow rate 5.0 1/min
Hi gas (CCT conditions) 2.0 ml/min
He gas (CCT conditions) 4.0 ml/min
Acquisition time 120 -  240 seconds
Dwell time 0.3 milliseconds
Nebuliser Micromist concentric
Spray chamber PTFE Scott-type
Spray chamber temperature 4°C
Mass range 6 -  260 amu
Type of detector simultaneous
Sample uptake time 90 seconds
Sample stabilisation time 30 seconds
Wash time between samples 120 seconds
2.4.5 ICP-MS -  Limit of Detection (LOD)
The LOD of an individual analytical procedure is ‘the lowest amount of an analyte in a 
sample that can be detected but not necessarily quantified as an exact value’. In the 
Guidelines for Achieving Quality in Trace Analysis the LOD is denoted as ‘the 
concentration Cl or quantity qL derived from the smallest measure Xl that can be 
detected with reasonable certainty for a given procedure. The value Xl is given by 
Equation 2.13 (O’Connor & Evans, 2007):
Xl — Xbi + KSbi Equation 2.13
where Xbi is the mean of the blank measurements, Sbi is the standard deviation (SD) of 
the blank measures and K is a numerical factor chosen according to the confidence 
interval required (typically 3) (O’Connor & Evans, 2007).
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The instrumental LOD may be defined as that quantity of the element which gives rise 
to a reading equal to three times the SD of a series of at least 10 determinations (« = 10) 
at or near the blank level (Nelms, 2005; Ebdon et al, 1998).
The LOD for the Agilent 7500-CX ICP-MS instrument was determined for a range of 
elements in this study. The LOD was calculated over a series of 4 analytical runs for a 
total of 35 blank solutions (1% v/v HNO3). The resulting LOD data, based on a mean 
blank {n = 35) signal + 3SD (Equation 2.13) is shown in Table 2.16.
Table 2.16: Elemental LOD values for the Agilent 7500-CX ICP-MS instrument (gg/l, 
except * = mg/1) and typical collision cell conditions.
Element Isotope Natural abundance (%)
Agilent 7500- 
CX LOD
Collision 
cell gas
As "As* 100 0.1 He
B* "B* 80.1 0.03 No gas
Cr ''Cr* 83.8 0.3 He
Cu “ Cu* 69.1 0.3 He
Fe "Fe* 91.7 7 He
Mn "Mn* 100 0.8 He
Mo '»Mo* 24.1 0.04 No gas
Pb 208pb* 52.4 0.07 No gas
Sb *'’Sb* 57.4 0.01 No gas
Se '®Se* 23.5 0.4 H2
Zn “ Zn* 27.8 0.7 He
The LOD for each of the arsenic species by the SPE method (As^ ,^ A s \ MA^ and 
DMA^), analysed by ICP-MS (Agilent 7500-CX) accounting for the pre-concentration 
and dilution factors as outlined in Section 2.3.3.1 were; As^ °: 0.17 pg/1, As^: 0.02 pg/1, 
MA^: 0.02 pg/1 and DMA^: 0.03 pg/1.
2.4.6 ICP-MS -  Linear Dynamic Range (LDR)
ICP-MS can have a linear dynamic range (LDR) in excess of 10^  (Thomas, 2003; 
Prichard et a l, 1996; Tyler et al, 1992). The LDR for arsenic covers 5 orders of 
magnitude, 0.1 -  1000 pg/1 As. Various methods for extending the LDR up to 10^  
include de-sensitising one of the ion lenses, use of detector analog mode, or use of a 
separate Faraday cup as a second detector (Tyler et a l, 1992). However, as high matrix
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component concentrations may cause problems, dilution is often seen as a more suitable 
alternative. For this reason, and because of the problems with high levels of dissolved 
solids, ICP-MS is mainly used for trace/ultra-trace analysis, the exception being isotope 
dilution (Hill et a i, 2004; Yamasaki, 2000; Ebdon et nA, 1998).
2.4.7 ICP-MS -  Interferences
The main spectral interference problem associated with the analysis of arsenic by ICP- 
MS is due to the presence of high levels of chloride in a sample solution (see Section 
2.4.2.2). When chloride combines with argon from the plasma the interfering ion 
overlaps with the mass of the mono-isotopic arsenic peak at m/z 75. The 
Agilent 7500-CX ICP-MS instrument utilised in this study was equipped with collision 
cell technology (CCT) (refer to Section 2.4.1.7). The interference problem was 
investigated using a series of 5 arsenic standards (SPEX CertiPrep® Ltd, Middlesex, 
UK) over the calibration range 1 -1 0 0  pg/1, spiked with increasing levels of chloride 
(Aristar®, BDH, Poole, UK) from 100 -  500 mg/1 Cl (based on typical levels reported 
in Argentinean water) so as to monitor the effect on the arsenic signal. Solutions were 
analysed under both normal mode (Figure 2.14) and CCT (Figure 2.15) conditions (4.0 
ml/min He).
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y = 1.0241X + 0.8982 
R" = 0.9996
y = 1.0794X+ 1.0879 
R^  = 0.9988
20
0 20 40 60 80 100 120
As standard concentration (pg/l)
♦  As + 100 mg/l BAs + 250 mg/l A As + 500 mg/l
Figure 2.14: Cl' interference tests using normal mode ICP-MS.
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Figure 2.15: Cl' interference tests using collision cell mode ICP-MS.
It was found that the use of the collision cell mode reduces the chloride interference 
effect by as much as 100% on the Agilent 7500-CX ICP-MS instrument. Therefore, it 
was proposed that the CCT conditions (Table 2.15) be implemented for all analyses 
undertaken by ICP-MS. This chloride effect is further reduced due to dilution fectors 
applied to the samples. Dilution factors typically between 25 — 50 were implemented. 
This would result in a 500 mg/l Cf concentration being reduced to between 1 0 -2 0  
mg/l c r , resulting in a minimal "“^ Ar^^cr interference.
2.4.8 ICP-MS -  Calibration
ICP-MS calibration standards were prepared from SPEX CertiPrep® mixed multi­
element calibration standards by serial dilution with matrix matched diluents. 
Calibration concentrations ranged from 1 -100  pg/1  As. An internal standard solution 
was used for monitoring any instrumental drift during sample analysis and the data was 
utilised for correcting the effects of enhancement/suppression in the ICP signal. A 50 
pg/1 solution of tellurium ('^^Te") (SPEX CertiPrep® Ltd, Middlesex, UK) in 1% v/v 
HNO3 was used as an internal standard for arsenic to correct for signal drift (< ± 1 % 
signal change) through addition to the sample solution via a T-piece. Internal standard 
(IS) correction was performed automatically through the Agilent ChemStation software, 
based on the following equation (Equation 2.14);
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Average IS intensity (cps) x Average analyte 
Individual IS intensity (cps) intensity (cps)
Equation 2.14
Raw count signals produced from the Agilent 7500-CX ICP-MS instrument were used 
to manually monitor for the IS correction. A typical calibration graph produced by the 
Agilent 7500-CX ICP-MS software package is shown in Figure 2.16 in which the IS 
corrected signal was plotted against the calibration standard concentration. The least 
squared regression line and the linear regression coefficient, R^ , were calculated as 
outlined in Appendix Cl.
120.00
y = 0.9735X + 0.4746 
R2 = 0.9999gr 100.00
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Figure 2.16: Typical calibration graph for arsenic by the Agilent 7500-CX ICP-MS 
instrument.
2.4.9 ICP-MS -  Precision and Accuracy
Precision is defined as “the degree of agreement between replicate measurements of the 
same quantity” and it does not necessarily imply accuracy (Miller & Miller, 2005). 
Errors can affect both accuracy and precision. Random errors cause the individual 
results to fall on both sides of the average value and therefore affects the precision. 
Two descriptions apply to precision, namely reproducibility and repeatability. 
Reproducibility describes the agreement between individual results obtained using the 
same method and conditions. Repeatability describes the agreement between successive 
results obtained using the same method and conditions. Precision is normally quoted as
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the coefficient of variation (CV (%)), also known as the relative standard deviation 
(RSD (%)) (Bremser & Hasselbarth, 2009; Miller & Miller, 2005; Adair, 2002).
Accuracy is defined as “the degree of agreement between a measured value and a true 
value” (Miller & Miller, 2005). Systematic errors cause all results to be in error in the 
same sense and therefore affect accuracy. For any individual analysis, results can 
therefore be in any one of four categories; inaccurate and imprecise, inaccurate and 
precise, accurate and imprecise or precise and accurate (Adair, 2002).
The use of a multi-element IS solution helped to monitor the performance of the Agilent 
7500-CX ICP-MS instrument through the detection of any instrumental drift during 
analysis (Figure 2.17). Calibration blocks (comprising of blanks, calibration standards 
and QCs) were also inserted into each analytical rmi, approximately after every 20 
samples. Figure 2.18 shows a typical instrument drift chart for arsenic from the repeat 
analysis of the 10 pg/1 As calibration standard for the Agilent 7500-CX ICP-MS 
instrument. Any deviations in the instrumental drift of > ± 5% RSD were corrected for 
accordingly as described in Appendix C l.
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Figure 2.17: Typical IS plot (200 pg/1 ’L f, 200 pg/1 "^ Sc+. 1000 pg/1 4 pg/1
‘“ Rh^ 4 pg/1 " V ,  50 pg/1 2 pg/1 and 20 pg/1 *^ ’lr^) for
multi-element analysis by the Agilent 7500-CX ICP-MS instrument.
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Figure 2.18: Instrumental drift chart for a 10 fig/1 As solution by ICP-MS (Agilent 
7500-CX).
The analysis o f two water CRMs, SRM® 1643e (National Institute o f Standards and 
Teclinology, Maryland, USA) and TMDA-54.4 (National Water Research Institute, 
Ontario, Canada) were used to compare the performance of the Agilent ICP-MS 
instrument with elemental certified values for arsenic (« = 9). No significant difference 
was observed for either CRM using a Student’s t-test; calculated t values ( tc a ic )  were 
0.42 for SRM® 1643e and 0.98 for TMDA-54.4. These values are less than the critical t  
value ( t c r i t )  of 2.31 for 8 degrees o f freedom (95% probability level, P < 0.05). A 
Student’s t-test was also performed on a series of 15 repeat water samples analysed by 
ICP-MS to ensure that there was no significant difference (at the 95% probability level, 
P < 0.05). No significant difference was observed for any o f the elements {n = 15) 
studied, the mean elemental concentrations and tcaic values are shown in Table 2.17, all 
values were less than the tcrit value of 2.14 for 14 degrees o f freedom (P < 0.05).
Table 2.17: Mean elemental concentrations (pg/1) and Student’s t-test tcaic values for 
repeat water analysis using the Agilent 7500-CX ICP-MS instrument.
As C r Cu Mn Mo Pb Sb Se Zn
Agilent 7500-CX 535.1 0.6 1197.0 368.0 1.24 2.38 1.29 0.4 162.4
tcaic 0.99 1.00 1.00 1.00 0.99 0.96 0.77 0.92 0.99
tcrit = 2.14 for n -  1 degrees of freedom (14), at probability level P < 0.05
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2.5 Ion Chromatography (IC)
Ion chromatography (IC) was used throughout this work to determine the concentrations 
of anions present in natural water samples that underwent SPE spéciation analysis, but 
that were unable to be determined by ICP-MS. This method enables the analysis of 
anions (namely B f, CT, F‘, P0 4 ’^, NO2", NO3', SO/') at the mg/l level.
2.5.1 Principles of IC
IC is a liquid chromatographic technique utilised expressly to the determination of ionic 
solutes (Jackson, 2005). The chromatographic instrumentation used in IC (Figure 2.19) 
consists of wetted surfaces that are typically made of an inert polymer, such as PTFE or 
more commonly, poly(ether ether ketone) (PEEK), rather than stainless steel. This is 
due to the feet that the corrosive eluents and régénérant solutions used in IC, such as 
HCl or H2 SO4 , can contribute to the corrosion of stainless steel components, which 
ultimately leads to problems due to contamination from metal ions (Fritz & Gjerde, 
2009; Weiss, 2004).
An inert pump delivers the mobile phase (or eluent) through the chromatographic 
system. The use of dual piston pumps is favoured as they provide the most pulse-free 
operation, which typically translates into lower baseline noise (Poole, 2003). The 
sample injector can be either a manually operated loop injector based upon a six-port 
switching valve design or a more complex, automated injector, allowing unattended 
operation. Injection volumes used in IC are typically of the order of 10 -  500 pi 
(Jackson, 2005).
Ion exchange is the principal separation mode in IC. The first commercially available 
stationary phases used in IC were agglomerated ion exchange resins (Weiss, 2004; Pohl 
et aL, 1997; Haddad & Jackson, 1990). These resin materials consist of a monolayer 
of charged latex particles that are electrostatically attached to a surface-functionalised, 
internal core particle. Tliis inner particle is totally enclosed by the fully fimctionalised 
latex; as a consequence the properties of the outer latex determine the ion exchange 
selectivity of the composite material (Jackson, 2005).
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In addition to ion exchange, other approaches employed for the separation of inorganic 
ions include; ion interaction, ion exclusion and chelation chromatography (Haddad et 
aL, 2008). Agglomerated ion exchange resins are still the most widely utilised 
stationary phases, although both surface-fimctionalised and grafted ion exchange resins 
are also routinely used for IC separations (Pauli & Nesterenko, 2005; Kuban & 
Dasqupta, 2004).
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Figure 2.19: Basic components of a typical IC system (Jackson, 2005).
Conductivity is the primary detection method in IC (Buchberger, 2001). Conductivity 
detection can be operated in the direct (or non-suppressed) mode or with the use of an 
ion exchange-based device, known as a suppressor, which is inserted between the ion 
exchange column and the conductivity detector (Jackson, 2005; Haddad et aL, 2003). 
The suppressor is a post-column reaction device unique to IC that significantly 
improves the signal-to-noise ratio for conductivity detection by; (i) reducing the 
background conductance of the eluent; and (ii) enhancing the detectability of the eluted 
ions (Fritz & Gjerde, 2009).
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The suppression process for anion analysis using the membrane-based anion self- 
regenerating suppressor (ASRS) is illustrated in Figure 2.20 (Dionex, 1995). 
Hydronium ions (HgO )^, which are generated at the anode by electrolysis of water, are 
exchanged for sodium ions (Na^) in the eluent chamber prior to the measurement of 
conductance (Haddad et al.y 2003; Buchberger, 2001). This exchange, which occurs 
via two cation exchange membranes, results in conversion of the eluent anion (OH ) to 
its much less conductive weak-acid form (H2O in this case). In addition, the 
conductance of the analyte ion pair is enhanced due to replacement of the less 
conductive-anion (sodimn) with the significantly more conductive hydronium ion 
(Jackson, 2005).
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Figure 2.20: Schematic of chemical suppression (Dionex, 1995).
2.5.2 IC -  Instrumentation
The instrument used in this study was a Dionex DX-600 Ion Chromatograph (Dionex, 
Surrey, UK), courtesy of the British Geological Survey, Keyworth, Nottingham. It 
consists of a GP50 gradient pump, ED50A electrochemical detector, AD20 absorbance 
detector, AS50 autosampler and AS50 thermal compartment. The system was 
controlled and data captured using Dionex Chromeleon™ Software, version 6.70. 
Simultaneous anion separation was performed using a suitable Dionex anion guard 
column and an AS 14 analytical column. Table 2.18 summarises the operating 
conditions used in this study.
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Table 2.18; Operating conditions for the Dionex DX-600 Ion Chromatograph.
Parameter Typical operating conditions
Injection volume 
Mobile phase(s)
Run tune
Sample loop volume 
System tubing bore
Elution order
250 nl
3.5 mMNazCOs / 1.0 mMNaHCOs (50/50 mix) 
15 minutes 
100 nl 
4 mm
Sample volume per analysis 2 ml
F% c r, NOr, Bf, NO3-, P0 4 '^ and SO4 2-
A typical chromatogram produced from the Dionex DX-600 Ion Chromatograph for a 
calibration standard solution and an unknown natural water sample are shown in 
Figures 2.21 & 2.22, respectively.
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Figure 2.21; Typical standard solution chromatogram produced by the Dionex DX-600 
Ion Chromatograph (0.1 mg/l F*, 1.0 mg/l Cl", 0.1 mg/l NO2", 0.1 mg/l Bf, 
0 . 5  mg/l NO3-. 0.2 mg/l P0 4 ‘^, 2.0 mg/l SOi '^).
!#
100-
.20-
A—A
Figure 2.22; Typical natural water sample chromatogram produced by the Dionex DX- 
600 Ion Chromatograph.
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2.5.3 IC -  Limit of Detection (LOD)
The LOD based on a mean blank (« = 10) signal + 3SD (Equation 2.13) is reported for 
each determinand in Table 2.19.
Table 2.19: Limit of detection for anions by IC (in mg/l).
Electrochemical detector Absorbance detector
F
LOD 0.01
cr
0.05
NOT Br NÜ3 PO/ 
0.02 0.03 0.03 0.10
S0 4 ^
0.05
NO2 Br 
0.01 0.02
NOT
0.02
2.5.4 IC -  Limitations/Interferences
The primary problem in the progress of IC was the development of a suitable on-line 
detection system. Most common ions can not be detected photometrically, so 
conductivity detectors were introduced to detect the separated ions in the background of 
highly conducting eluents (Poole, 2003; Pietrzyk, 2002; Gooding, 2001).
The principal disadvantages of suppressor columns are:
(i) the need to periodically replace or regenerate them;
(Ü) the varying elution times for weak acid anions or weak base cations because of 
ion-exclusion effects in the unexhausted portion of the suppressor column;
(iii) the apparent reaction of some ions, such as nitrite, with the unexhausted portion 
of the suppressor column, resulting in a varying response depending on the 
percentage exhaustion of the suppressor column; and
(iv) interference in the baseline of the chromatogram by a negative peak 
characteristic of the eluent, which varies in elution time with the degree of 
exhaustion of the suppressor column (Abuja et a l, 2006; Papadoyannis & 
Samanidou, 2005).
Many of the problems suffered using conventional suppressor columns can be 
eliminated by using bundles of empty or packed ion-exchange hollow fibres for eluent 
suppression (Poole, 2003). The primary advantage of the hollow fibre ion-exchange 
suppressor is that it allows continuous operation of IC without varying interferences
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from baseline discontinuities, ion-exclusion effects, or chemical reactions. The main 
disadvantage is that the hollow fibre ion-exchange suppressors have 2 to 5 times the 
void volume of conventional suppressor columns leading to some loss of separation 
efficiency, particularly for ions eluting early in the chromatogram (such as Cf and F'). 
Further constraints include limitations on usable column flow rates to ensure complete 
suppression and the requirement for an excess of exchangeable counter-ions in the 
regeneration solution (Ahuja et aL, 2006).
2.5.5 IC -  Calibration
Instrument calibration was achieved by serial dilution through a series of 12 working 
standards prepared from the primary chemicals (AnalaR®, BDH, Poole, UK) NaF, 
NaCl, NaNOi, KBr, NaNOg, NaiFIPO# and NazSO# using matrix-matched solvents 
(DDW). Calibration data was assessed using Chromeleon™ Software, in which 
calibration graphs were automatically drawn by plotting anion concentration (mg/l) 
against peak area (Figure 2.23).
y = 0.6833X + 0.0056 
= 0.999260
CL
20 3 60 i
Chloride concentration (mg/l)
100 120
Figure 2.23; A typical calibration graph for chloride as determined by IC.
2.5.6 IC -  Precision and Accuracy
The precision of the Dionex-DX600 Ion Chromatogram was monitored by a series of 
QC solutions measured at the beginning and end of each analytical run.
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A mid-range QC solution (1.5 mg/1 B r , F', 2.5 mg/1 P 0 4 %^ NO2 ', 15 mg/1 NO 3', 30 mg/1 
C r, 60 mg/1 s o /" )  and an instrument blank (DDW) were run every 10 samples to 
monitor for instrumental drift (Figure 2.24) and corrected for accordingly if  > ± 5% 
RSD, using a drift correction as described in Appendix C l .
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1.400 
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Run number
40 50 60
•M ean  1 SD ■+1 SD -2SD ------ +2 SD -5% ■5% —*—1.5 mg/l Fluoride conc.
Figure 2.24: Drift chart for a 1.5 mg/l fluoride QC solution by IC.
The accuracy o f the Dionex-DX600 Ion Chromatogram was calculated based on the QC 
solutions run during each analysis. The RSD (%) was calculated for each anion (Table 
2.20) as outlined in Appendix C l .
Table 2.20: Accuracy measurements determmed for IC.
. Mean concentration
(mg/l) SD RSD (%)
ED50 electrochemical detector
Br­ 1.50 0.1 3.2
e r 32.05 0.9 2.7
F‘ 1.47 (0.01) 0.2
NO: 1.50 (0.02) 1.6
NO]' 15.42 0.4 2.3
P O /- 2.60 0.1 2.6
S0 4 Z- 64.10 1.9 3.0
AD20 absorbance detector
Br 1.50 (0.02) 1.1
NO2" 1.56 (0.03) 2.0
NO] 15.22 0.1 0.8
( ) = to nearest significant figure
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2.6 Ultra-violetA^isible (UV/Vis) Absorption Spectroscopy
Ultra-violet/visible (UV/Vis) spectroscopy involves the spectroscopy of photons in the 
UV-visible region. It uses light in the visible and adjacent near ultra-violet (UV) and 
near infrared (NIR) ranges. In this region of the electromagnetic spectrum molecules 
undergo electronic transitions (Haines, 2000). This study involved the use of a picric 
acid assay to determine the creatinine content in human urine as described in Section 
2.I.4.I.
2.6.1 Principles of UV/Vis Spectroscopy
Radiation of light in the UV and visible wavelength range results in an alteration in 
energy by certain molecules resulting in the absorption of energy (Beemster, 2004). 
When a molecule absorbs radiation its energy increases. In molecules responsive to UV 
(200 -  400 nm) and visible light (400 -  800 nm) the increase in energy is attributable to 
changes in electronic, vibrational and rotational energy in outer shell electrons. The 
electrons most inclined to gain molecular energy are loosely bound valence electrons, 
electrons participating in double or triple bonds, and the unpaired electrons in certain 
radicals or ions (Beemster, 2004).
Under normal conditions a molecule occupies the lowest allowable energy level (the 
ground state), but after energy is gained fi*om an external source the energy level will 
jump from the ground state to a higher energy level (the excited state) (Figure 2.25) 
(Beemster, 2004).
Lowest unoccupied molecular 
orbital (LUMO)
A
Highest occupied molecular 
orbital (HOMO)
V
AE
Ground
state
n
hv
Excited
state
Figure 2.25: Molecular orbital transfer during UV/Vis spectroscopy (Beemster, 2004).
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All molecules subject to absorption will return to the ground state following removal of 
the radiation. The majority of the molecules will not emit a measurable product, but in 
certain molecules the transition is accompanied by the emission of light (Beemster, 
2004).
The Beer-Lambert Law (Equation 2.15) describes the relationship between the amount 
of light absorbance taking place across a given path length of a sample matrix and the 
concentration of matter within the matrix. This law applies to simple matrices, which 
consist of one absorbing component measured using the intensity (I) change of a single 
wavelength of light transmitted through the sample matrix. If the absorbing component 
in the matrix obeys the Beer-Lambert Law, the concentration of the absorbing 
component will be proportional to the change in absorbance (Beemster, 2004).
Absorbance = lo g ^  = sbc Equation 2.15
where: s = molar absorptivity constant,
b= path length througli the sample, 
c = concentration of the absorbing substance.
2.6.2 UV/Vis Spectroscopy -  Instrumentation
A UV/Vis spectrometer consists mainly of UV and visible energy sources (lamps), a 
wavelength selector (grating, prism or filter), reference and/or sample cell, a detector 
and a read-out device (Figure 2.26) (Ciaccio, 2006).
A Cecil CE 8020 dual beam UV/Vis spectrometer (Cecil Instruments, Cambridge, UK) 
was utilised in this study (Figure 2.26b) for the determination of creatinine in human 
urine based on the Jaffé reaction as outlined in Section 2.1.4.1. It comprises of a 
thermostatically controlled water-jacketed cuvette holder (25°C). Baseline analysis in 
this study was performed against air.
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Figure 2.26: (a) a single beam and (b) dual beam UV/visible spectrophotometer 
(Ciaccio, 2006).
2.6.3 UV/Vis Spectroscopy -  Limit of Detection (LOD)
The LOD for creatinine by UV/Vis spectroscopy at 490 nm using a picric acid assay 
was calculated based on a mean blank (n = 10) signal + 3SD (Equation 2.13). The 
resultant LOD was reported as 1.72 mg/l, with an RSD of ± 2.2%.
2.6.4 UV/Vis Spectroscopy -  Interferences
The Jaffé reaction is non-specific to creatinine and subject to a positive interference 
fiom a wide variety of other substances that can also react with the picrate solution. 
These are called non-creatinine cliromogens and the most common are protein, 
acetoacetate, glucose, ascorbic acid, guanidine, acetone, |3-ketoacids, urea, and 
cephalosporin antibiotics (Wu, 2004; Hartmann, 2001). However, these mterfering 
chromogens are most commonly associated with blood analysis and elevated 
temperature > 30°C (Wu, 2004; Gregory, 2001).
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optimal performance of the reaction depends on the concentrations of tlie various 
reagent components, especially the concentration of the alkaline picrate solution, which 
determines the rate of the reaction and the wavelength of maximal absorbance 
(Hartmann, 2001).
2.6.5 UV/Vis Spectroscopy -  Calibration
Creatinine standards were freshly prepared prior to analysis from a creatinine stock 
(Sigma-Aldrich, Gillingham, UK) using matrix-matched solvents (DDW). A typical 
calibration graph for creatinine (at concentrations of 0, 3.1, 6.2, 12.5, 25, 50, 100 and 
200 mg/l) by UV/Vis spectroscopy is shown in Figure 2.27. As a background baseline 
level was performed against air at a wavelength of 490 nm the calibration curve does 
not intercept at the origin.
0.50
0,45
y = 0.0019 x + 0.08980.40
0.35
(u 0.30
-o 0.25
<  0.20
0.15
0.10 -
0.05
0.00
50 100 150
Creatinine concentration (mg/l)
200 250
Figure 2.27: A typical calibration graph for creatinine as determined by UV/Vis 
spectroscopy.
2.6.6 UV/Vis Spectroscopy -  Precision and Accuracy
Instrument precision was monitored through the use of a QC solution (concentration of 
10 mg/l creatinine), which was measured throughout each analysis to detect for any 
instrumental drift and corrected for accordingly if > ± 5% RSD (Appendix Cl).
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A typical drift chart for the determination of creatinine by the Jaffé assay method is 
shown in Figure 2.28.
11.0
F 10.5 -
10.0 -
9.0
20 40
Run number
50 60 80
Mean - 1 SD  +1 SD -2 SD +2SD -5% 5% 10 mg/l creatinine conc.
Figure 2.28: Drift chart for a 10 mg/l creatinine QC solution by UV/Vis spectroscopy.
2.7 High Performance Liquid Chromatography - ICP-MS (HPLC-ICP-MS)
The use of UPLC coupled to ICP-MS is a useful tool for measuring the spéciation of 
elements such as arsenic, chromium, and selenium (Huang et al., 2008; Ronkart et al, 
2007; Rami éta l, 2006; Sathrugnan & Hirata, 2004; Ali & Aboul-Enein, 2002; Xie 
et al, 2002). This hyphenated technique combines the separation power of HPLC with 
the detection capabilities of ICP-MS (Michalke & Schramel, 2004). Direct coupling 
of the two interfaces allows the resolved HPLC analyte Ifactions to enter the ICP-MS 
via a nebuliser into the high temperature argon plasma where they are decomposed, 
atomised and ionised. The resulting ions are transported tlirough the sampling interface 
into a mass spectrometer for measurement (Section 2.4). Co-ordination of the 
chromatographic retention time for each individual peak with elemental abundance in 
the MS enables calculation of species concentration (Fairman & Wahlen, 2001). The 
principles of the HPLC component of this coupled technique are explained in the next 
section.
I l l
2.7.1 Principles of HPLC
HPLC utilises a liquid mobile phase to separate the components of a mixture. These 
components are firstly dissolved in a solvent and then forced to flow {via the mobile 
phase) through a column (stationary phase) under high pressure (Ho et ai, 2003). The 
mixture is resolved into its component parts within the column and the amount of 
resolution is dependent upon the interaction between the solute components and the 
column stationary phase (immobile packing within the column) and hquid phase. The 
interaction of the solute with the mobile and stationary phases can be controlled through 
different choices of both solvent and stationary phases (Ho et al, 2003).
HPLC can be divided into two broad categories: normal phase and reverse-phase 
(StafiFord, 2003). For normal phase, a polar stationary phase (usually silica) is used to 
retain analytes which are polar, whilst reverse-phase separations are based upon forces 
between non-polar compounds and non-polar fimctional groups, which are bonded to 
the silica support (Ho et al, 2003).
2.7.2 HPLC -  Instrumentation
The instrumentation of the HPLC component of a HPLC-ICP-MS instrument comprises 
of a sample injector, pump, column and detector (which in this case was ICP-MS as 
described in Section 2.4) as outlined:
2  7.2.1 HPLC -  Sample Injector
The best and most widely used method of sample injection is the loop injector whereby 
the sample in introduced into a fixed-volume loop. When the loop is switched the 
sample is positioned in the path of the flowing mobile phase and flushed onto the 
column (Pietrzyk, 2002).
Loop injectors have high reproducibility (typical RSD < ± 0.1% for loop sizes > 5 pi) 
and are used at high pressures (Hanai, 1999). Most modem HPLC instruments have 
loop injectors that can be programmed for automatic injection of samples. When the
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sample size is less than the volume of the loop the syringe containing the sample is 
often filled with the mobile phase to the volume of the loop before filling the loop. This 
prevents the likelihood of air being forced through the colunm, which may reduce the 
lifetime of the column packing material (Wu, 2004). The maximum injection volume 
depends on the volume of the sample loop in the injection valve, these typically range 
from 5 pi -  20 ml (Dong, 2006).
27.22 HPLC-fww;?
A pump forces the mobile phase through the column at a much greater velocity than that 
achieved by gravity-fiow columns and include pneumatic, syringe, reciprocating, or 
hydraulic amplifier pumps. The most widely used pump is the mechanical reciprocating 
pump, which functions as a multi-head unit with two of more reciprocating pistons. 
During pumping the pistons operate out of phase (180° for two heads, 120° for three 
heads) to provide constant flow. Pneumatic pumps are used for pre-operative purposes 
(Pietrzyk, 2002).
27.23 HPLC-Column
The stationary phase is packed into long stainless steel columns. HPLC is usually run at 
ambient temperatures although columns can be put in an oven and heated to enhance the 
rate of partition. Fine, uniform column packing results in much less band broadening 
but requires pressure to force the mobile phase through. The most common material 
used for column packing is silica gel as it is very stable and can be used in different 
ways. It can be used as solid packing in liquid-solid chromatography or coated with a 
solvent, which serves as the stationary phase (liquid-liquid). Due to the short lifetime of 
coated particles, molecules of the mobile-phase liquid are now bonded to the surface of 
silica particles. In reverse-phase HPLC the stationary phase contains non-polar 
molecules (e.g. octadecyl Cig hydrocarbon) bonded to silica-gel particles. A reversed- 
phase column can be utilised to separate ionic, non-ionic, and ionisable samples (Dong, 
2006; Wu, 2004).
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Arsenic spéciation in waters, soils, sediments, washed human scalp hair and human 
urine was performed by HPLC-ICP-MS. The set-up consisted of a quaternary GP50-2 
HPLC pump and an AS-50 autosampler (Dionex, California, USA) fitted with a 100 pi 
sample loop, and a Hamilton PRP-XlOO anion exchange colunm (250 x 4,6 mm, 10 pm) 
with a guard column of the same material (Hamilton, Nevada, USA) courtesy of the 
British Geological Survey, Keyworth, Nottingham (see Appendix B2). The column was 
directly coupled to the Agilent 7500-CX ICP-MS instrument (Agilent, Cheshire, UK) 
with PEEK tubing. Reproducible sample injections were achieved through the coupling 
of the two instruments. The HPLC-ICP-MS instrument was operated in single ion 
monitoring mode at signal m/z 75, with a dwell time of 100 ms.
Gradient elution was utilised for the chromatographic separation of the arsenic species 
using a combination of 4 mM and 60 mM ammonium nitrate (NH4N O 3, AnalaR®, BDH, 
Poole, UK) (Figure 2.29) based on modifications from the literature (Martinez-Bravo 
et al^ 2001). Gradient elution involves a change in mobile phase composition during 
the separation process allowing for better peak definition and shorter chromatographic 
run times (Snyder & Dolan, 2006). This method achieved good separation for all 
arsenic species under investigation (As^, A s\ M A \ DMA^ and AB). The quantitative 
analysis of peak areas from the resultant chromatograms was performed using Agilent 
ICP-MS Chromatographic Data Analysis Software version B.03.06 (Agilent, Cheshire, 
UK). A typical chromatogram produced by HPLC-ICP-MS for a 50 pg/1 mixed arsenic 
species standard solution (As °^, A s\ M A \ DMA\ AB) and washed scalp hair extract 
EN6 is shown in Figure 2.30.
100
0 5 10 15
Time (mins)
4mMNH4Np3 -60 mM NH4NO3
Figure 2.29: Gradient elution set-up for arsenic spéciation by HPLC-ICP-MS.
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Figure 2.30: HPLC-ICP-MS cliromatogram of a mixed 10 gg/1 As species standard
(As^\ A s\ M A \ DMA^ and AB) and washed scalp hair extract EN6.
2.7.3 HPLC-ICP-MS -  Operating Conditions
Typical operating conditions for the Agilent 7500-CX ICP-MS instrument are reported 
in Section 2.4.4 and for the Dionex HPLC in Table 2.21.
Table 2.21: Summary of the Dionex HPLC operating conditions.
Parameter Typical operating conditions
Injection volume 
Mobile phase(s)
Column 
Flow rate 
Run time 
Pressure 
Elution order
100 pi
Gradient; 4 mM / 60 mM NH4NO3, adjusted to pH 8.7 
with conc. ammonia solution NH 4O H  (BDH, Poole, UK) 
Hamilton PRP-XlOO 250 mm x 4.6 mm, 10 pm 
1 ml/min 
15 minutes 
~ 2000 psi
AB, As"', DMA'', M A \ As''
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2.7.4 HPLC-ICP-MS -  Limit of Detection (LOD)
The LOD for each of the 5 arsenic species was calculated over a series of 5 analytical 
runs for a total of 30 blank solutions (DDW). The resultant LOD for each species 
(based on Equation 2.13) by this method expressed as the mean blank signal + 3SD 
(including % RSD) was As” : 0.14 gg/1 (2.3%), As'': 0.10 gg/1 (3.7%), MA'' 0.12 gg/1 
(2.4%), DMA'': 0.15 gg/1 (2.5%), and AB: 0.20 gg/1 (3.2%).
2.7.5 HPLC-ICP-MS -  Calibration
Calibration of the HPLC-ICP-MS instrument was performed using a series of mixed 
arsenic standards (As "^, A s\ MA^, DMA^ and AB) at concentrations of 0, 0.5, 1,10, 
25 and 50 pg/1. A typical calibration graph is shown in Figure 2.31 with the 
corresponding graphical interpretation shown in Table 2.22.
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Figure 2.31: Typical calibration graph for arsenic species by HPLC-ICP-MS. 
Table 2.22: Graphical calibration data relating to the 5 arsenic species.
Species Line equation
As°^ y = 76708x -  8941 0 99
As^ y = 81827x-2065 1.00
MA^ y = 85600x -  8584 1.00
DMA^ y = 93117x- 12519 1.00
AB y = 92863x-17480 1.00
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2.7.6 HPLC-ICP-MS -  Precision and Accuracy
The precision and accuracy of the HPLC-ICP-MS instrument was monitored throughout 
each analytical run for each matrice investigated using a series of CRMs. Soil 
q)eciation was monitored using CRM NIST 2711 Montana II Soil (National Institute of 
Standards and Technology, Maryland, USA). Hair spéciation was monitored using 3 
human scalp hair CRMs: NIES CRM No. 13 (National Institute for Environmental 
Studies, NIES, Ibaraki, Japan), GBW 07601 and NCS ZC 81002b (China National 
Analysis Centre for Iron and Steel, Beijing, China). Urine spéciation was monitored 
using NIES CRM No. 18 (Human Urine). CRM data is reported in Table 2.23 for all 
matrices investigated. Species data was reported where possible for comparison with 
certified values, all other data reflects total arsenic (sum of the uncertified species). A 5 
pg/1 mixed arsenic standard was monitored throughout each HPLC-ICP-MS run for 
instrumental drift. Any deviations in the instrumental drift of > ± 5% RSD were 
corrected for accordingly as described in Appendix Cl.
Table 2.23: CRM data for arsenic spéciation by HPLC-ICP-MS (mean ± SD).
CRM DMA AB TotalAs
Soil {n = 6)
NIST 2711 (mg/kg) - - 103.3 ±3.7
Certified value - - 105.0
Hair (« = 6)
NIES CRM No. 13 (mg/kg) - - 0.1 ±(0.01)
Reference value - - 0.10
GBW 07601 (mgdcg) - - 0.3 ±(0.01)
Certified value - - 0.28 ± 0.04
NCS ZC 81002b (mg/kg) - - 0.2 ±(0.01)
Certified value - - 0.198 ±0.023
Urine {n -  8)
NIESCRMNo. 18(pg/l) 34.3 ±2.9 69.0 ±2.5 117.2 ±4.9
Certified value 36.0 ±0.9 69.0 ±1.2 137.0 ±11.0
0  = to nearest significant figure
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2.8 Quality Control (QC)
To ensure accuracy and precision throughout the study, a series of QC evaluations were 
implemented. The use of certified reference materials (CRMs) (Table 2.24) were 
employed in each analytical procedure to detennine the validity and reproducibility of 
the method. CRMs were chosen based on their similarity with the matrix involved and 
their certified chemical composition.
2.8.1 Certified Reference Materials (CRMs)
Table 2.24: CRMs used for QC evaluation in this study.
Water
NIST SRM® 1643e Trace Elements in 
Water
TMDA 54.4 Trace Elements in Fortified 
Lake Ontario Water
National Institute of Standards and 
Technology, Maryland, USA 
National Water Research Institute, 
Ontario, Canada
Soil
NIST CRM 2711 Montana II Soil 
GBW 07401 Soil
BCR 601 Extractable Trace Metals in 
Lake Sediment
National Institute of Standards and
Technology, Maryland, USA
China National Analysis Centre for Iron
and Steel, Beijing, China
Institute for Reference Materials and
Measurements, Geel, Belgium
Hair
NIES CRM No. 13 Human Hair 
NCS ZC 81002b Human Hair 
GBW 07601 Human Hair
National Institute for Environmental
Studies, NIES, Ibaraki, Japan
China National Analysis Centre for Iron
and Steel, Beijing, China
China National Analysis Centre for Iron
and Steel, Beijing, China
Urine
NIES CRM No. 18 Human Urine National Institute for Environmental Studies, NIES, Ibaraki, Japan
Tables 2.25 to 2.33 outline the collated results obtained for the various CRMs analysed 
in this study in comparison with the certified/reference values. In general, the mean 
measured values (± standard deviation (SD)) for the CRMs are in good agreement with 
the mean certified values (± uncertainty range or 95% confidence interval) quoted for 
the CRMs.
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Table 2.25: QC data for water CRM NIST SRM® 1643e, presented as mean ± SD for
measured values and mean ± uncertainty values for NIST SRM® 1643e
(ail values in pg/1).
Element 
(n = 36)
Measured values 
(mean ± SD)
Certified values 
(mean ± uncertainty 
values)
Antimony 56.30 ± 3.52 58.3 ±0.6
Arsenic 58.3 + 3.3 60.5 ±0.7
Boron 168 ±11 157.9 ±3.9
Chromium 20.5 ± 2.3 20.4 ±0.2
Copper 21.8 ±3.3 22.8 ±0.3
Iron 100 ±8 98.1 ±1.4
Lead 18.14 ±1.71 19.6 ±0.2
Manganese 40.4 ± 2.0 39.0 ±0.5
Molybdenum 122.71 ±5.04 121.4 ±1.3
Selenium 8.3 ± 4.0 12.0 ±0.1
Zinc 80.7 ± 8.7 78.5 ±2.2
Table 2.26: QC data for water CRM TMDA 54.4, presented as mean ± SD for 
measured values and mean ± 95% confidence interval for TMDA 54.4 (ail 
values in pg/1).
Element 
{n = 36)
Measured values 
(mean ± SD)
Certified values 
(mean ± 95% 
confidence level)
Antimony 25.21 ±3.78 25.7 ±0.5
Arsenic 45.3 ± 2.5 43.6 ± 0.8
Boron 51 ±7 60.6 ±1.5
Cliromium 429.3 ± 19.4 438.0 ±4.0
Copper 458.6 ± 36.3 443.0 ±4.0
Iron 364 ± 59 n/c
Lead 503.86 ±77.12 514.0 ±5.0
Manganese 282.3 ± 33.7 275.0 ±2.0
Molybdenum 299.11 ±21.10 295.0 ±3.0
Selenium 30.5 ± 4.6 33.0 ±0.7
Zinc 553.1 ±41.8 537.0 ±6.0
n/c = not certified
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Table 2.27: QC data for soil/sediment CRM NIST CRM 2711, presented as mean ±
SD for measured values and mean ± uncertainty values for NIST CRM
2711 (all values in mg/kg).
Element Measured values . CertMed vMues 
(» = 6) (m eaniSD) (mean ± uncertainty
Antimony 18.39 ±1.03 19.4 ±1.8
Arsenic 98.9 ±8.1 105 ±8
Boron 5±1 n/c
Chromium 38.5 ±1.8 (47)
Copper 106.3 ± 6.2 114±2
Lead 1181.41 ±60.27 1162 ±31
Manganese 626.6 ± 29.8 638 ± 28
Molybdenum 1.43 ±0.05 (16)
Selenium 1.3 ±0.5 1.52 ±0.14
Zinc 327.2 ±18.0 350.4 ±4.8
n/c = not-certified; ( ) = non-certified value
: QC data for soil/sediment CRM GBW 07401, presented as me;
measured values and mean ± uncertainty values for GBW
values in mg/kg).
Element Measured values Certified values
(n = 4) (mean ± SD) (mean ± uncertainty values)
Antimony 0.77 ±0.12 0.87 ±0.12
Arsenic 34.3 ±6.1 33.5 ±1.7
Boron 53 ±4 50±2
Chromium 58.3 ±5.1 62 ±2
Copper 24.8 ± 8.4 21 ±6
Iron 4 ± 1 5.19 ±0.04
Lead 106.13 ±11.41 98 ±3
Manganese 1802.6 ± 13.2 1760 ±24
Molybdenum 1.21 ±0.44 1.4 ±0.1
Selenium 0.2 ±0.1 0.14 ±0.02
Zinc 597.2 ±51.7 680 ±11
LOI % 8.49 ±0.16 (8.59)
( ) proposed value; LOI = loss-on-ignition (refer to Section 2.1.
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Table 2.29: QC data for soil/sediment CRM BCR 601, presented as mean ± SD for
measured values and mean ± uncertainty values for BCR 601 (ail values in
mg/kg).
Element 
{n = 4)
Measured values: mean ± SD 
(Certified values: mean ± uncertainty values) 
Fraction 1 Fraction 2* Fraction 3
Arsenic
Boron
Copper
Lead
Zinc
0.9 ± 0.3 54.3 ±4.1 0.8 ±0.1
n/c n/c n/c
7±1 1±1 30±4
n/c n/c n/c
7.6 ±1.1 5.0 ± 2.6 89.1 ±9.4
(8.3 ± 0.5) (5.7 ±3.2) (116 ±26)
2.09 ± 0.43 18.81 ±5.59 121.12 ±19.08
2.9 ± 0,4 (33.1 ± 10.0) 109 ±13
202.2 ± 14.0 163.5 ±13.7 104.3 ±28.4
264 ±5 182 ±11 (137 ±30)
( ) = proposed values
*Refer to Table 2.7 for soil fraction definitions
Table 2.30: QC data for human hair CRM NIES CRM No. 13, presented as mean ± SD 
for measured values and mean values for NIES CRM No. 13 (ail values in 
mg/kg).
Element 
(« = 6)
Measured values 
(mean ± SD)
Certified values 
(mean)
Antimony 0.05 ±(0.005) n/c
Arsenic 0.1 ±(0.02) 0.1
Boron 2±1 n/c
Chromium 0.9 ± 0.2 n/c
Copper 25.1 ± 1.2 n/c
Iron 126 ±1 140
Lead 7.74 ± 0.62 n/c
Manganese 4.1 ±0.7 3.9
Molybdenum 0.13 ±0.01 n/c
Selenium 2.8 ±0.4 n/c
Zinc 272.3 ±4.7 n/c
n/c = not certified; ( ) = to nearest significant figure
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Table 2.31: QC data for human hair CRM NCS ZC 81002b, presented as mean ± SD
for measured values and mean ± uncertainty values for NCS ZC 81002b
(ail values in mg/kg).
Element 
{n = 14)
Measured values 
(mean ± SD)
Certified values 
(m eant 
uncertainty values)
Antimony 0.09 ± 0.04 0.12 ±0.02
Arsenic 0.2 ±0.1 0.198 ±0.023
Boron 1±(0.3) n/c
Chromium 8.1 ±0.6 8.74 ± 0.97
Copper 29.8 ±1.6 33.6 ±2.3
Iron 163 ±51 160 ± 16
Lead 3.85 ±0.62 3.83 ±0.18
Manganese 3.6 ± 1.3 3.83 ± 0.39
Molybdenum 1.18 ±0.30 1.06 ±0.12
Selenium 0.4 ± 0.2 0.59 ± 0.04
Zinc 161.1 ±5.1 191 ±16
n/c = not certified; ( ) = to nearest significant figure
Table 2.32: QC data for human hair CRM GBW 07601, presented as mean ± SD for 
measured values and mean ± uncertainty values for GBW 07601 (all 
values in mg/kg).
Element 
(n = 4)
Measured values 
(mean ± SD)
Certified values 
(mean ± 
uncertainty values)
Arsenic 0.3 ± (0.03) 0.28 ± 0.05
Selenium 0.6 ±0.1 0.60 ± 0.04
( ) = to nearest significant figure
Table 2.33: QC data for human urine CRM NEES CRM No. 18, presented as mean ± 
SD for measured values and mean ± uncertainty values for NIES CRM 
No. 18 (all values in pg/1).
(« = 8) Measured values (mean ± SD)
Certified values 
(mean ± uncertainty 
values)
Total arsenic 131.1 ±1.2 137.0 ±11.0
DMA'' 34.3 ±2.9 36.0 ± 9.0
AB 69.0 ±2.9 69.0 ± 12.0
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Measured CRM values obtained for the analysis of arsenic by ICP-MS and HPLC- 
ICP-MS, were highly comparative to certified levels (Tables 2.25 to 2.33). The water 
CRMs (SRM® 1643e and TMDA-54.4) gave RSD values for arsenic of ± 4.7% and 
± 3.9%, respectively. The analysis of arsenic in soil CRMs resulted in an RSD range 
of ± 5.5 -  8.2%. The arsenic analysis of three human hair CRMs (NIES CRM No. 13, 
NCS ZC 81002b, GBW 07601) gave an RSD range of ± 4.2 -  6.7%. The 
measurement of arsenic species in human urine (NIES CRM No. 18) provided RSD 
values of ± 3.7% for AB, ± 4.3% for DMA^ and ± 0.9% for total arsenic. Good 
agreement was observed between the measured loss-on-ignition (LOI) values for CRM 
GBW 07401 Soil (8.49 ± 0.16%) and the proposed value of 8.59% (Table 2.28). The 
analysis of all trace elements in Tables 2.25 -  2.33 gave RSD values of < ± 15%.
2.8.2 Inter-Analytical Method Comparison (SPE -  ICP-MS -  HPLC-ICP-MS)
An inter-analytical method comparison was carried out for the analysis of total and 
species arsenic by ICP-MS (with SPE for arsenic species) and HPLC-ICP-MS, using a 
set of water samples {n = 10). Total arsenic data comparison was made for 
filtered/acidified (F/A) water samples (1% v/v HNO3) analysed by ICP-MS and 
filtered/unacidified (F/UA) water samples analysed by HPLC-ICP-MS in which total 
arsenic was equal to the sum of the arsenic species. Comparison of the arsenic species 
in waters was made using the SPE field-based method (analysed by ICP-MS) and the 
laboratory based HPLC-ICP-MS method (Table 2.34). A Student’s t-test was then 
performed to ensure that there was no significant difference (at the 95% probability 
level, P < 0.05) between total and species arsenic (Table 2.35).
Table 2.34: Mean arsenic values in pg/1 (« = 10) obtained for the inter-analytical 
method comparison of total (F/A vs. HPLC-ICP-MS) and species arsenic 
(SPE vs. HPLC-ICP-MS) in waters.
{it —10) Totalarsenic As®
Arsenic species 
As'' MA'' DMA'’
F/A 207.8 n/a n/a n/a n/a
HPLC-ICP-MS 198.4 n/a n/a n/a n/a
SPE n/a 97.8 88.9 2Z3 0.3
HPLC-ICP-MS n/a 8 3 j 93 j 21.7 (042)
n/a = not applicable; ( ) = to nearest significant figure
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Table 2.35: Student’s t-test tcaïc values for the inter-analytical method comparison for 
total (F/A vs. HPLC-ICP-MS) and species arsenic (SPE vs. HPLC-ICP- 
MS) in waters.
(n = 10) Totalarsenic As®
Arsenic species 
As'' MA'' DMA''
F/A vs. HPLC-ICP-MS 0.017 n/a n/a n/a n/a
SPE vs. HPLC-ICP-MS n/a < 0.001 <0.001 <0.001 0.024
tent == 1.83, for n -  1 degrees of freedom (9), at probability level P < 0.05 
n/a = not applicable
No significant difference was observed for the determination of total and species 
arsenic. The calculated t values tcaic were 0.017 for total arsenic and < 0.001 -  0.024 for 
arsenic species, which are less than the tcrit value of 1.83 for 9 degrees of freedom at a 
probability level ofP < 0.05.
A further inter-analytical method comparison was performed on a different matrix using 
a set of human urine samples {n = 24) for the analysis of total arsenic by ICP-MS and 
HPLC-ICP-MS (sum of arsenic species). A comparison of the total arsenic levels was 
made for frltered/unacidifred (F/UA) urine samples analysed by ICP-MS and HPLC- 
ICP-MS in which total arsenic was equal to the sum of the arsenic species. A Student’s 
t-test was then performed to ensure that there was no significant difference (at the 95% 
probability level, P < 0.05) between total arsenic by ICP-MS and HPLC-ICP-MS (Table 
2.36). No significant difference was observed for the determination of arsenic with a 
tcaic value of 0.42, which is less than the tent value of 2.07 for 23 degrees of freedom at a 
probability level o f f  < 0.05.
Table 2.36: Mean total arsenic concentrations (pg/1) and Student’s t-test tcaic values for 
the inter-analytical method comparison of total arsenic (ICP-MS vs. 
HPLC-ICP-MS) in human urine.
(n = 24) Total arsenic
ICP-MS 28.8
HPLC-ICP-MS 2&2
tcaic 0.42
tcrit = 2.07, for n -  1 degrees of freedom (23), at probability level P  < 0.05
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2.9 Summary
In this chapter the analytical methodology and instrumentation used in this study was 
outlined in Sections 2.1 -  2.7. Sampling strategies and preparation steps for all sample 
matrices were also discussed (Section 2.1). The instrumentation focused on the use of 
solid phase extraction (SPE) (Section 2.3), inductively coupled plasma mass 
spectrometry (ICP-MS) (Section 2.4), ion chromatography (IC) (Section 2.5), 
molecular spectroscopy (namely UV/Vis spectroscopy -  Section 2.6) and the coupled 
technique of high performance liquid chromatography ICP-MS (HPLC-ICP-MS) in 
Section 2.7. The performance of the instrumentation was also discussed in terms of 
the typical detection limit, linear dynamic range, repeatability and reproducibly of each 
chosen technique. An Agilent 7500-CX Series ICP-MS instrument was utilised in this 
study for total arsenic determination and arsenic species verification by HPLC-ICP- 
MS. The ICP-MS instrument had a limit of detection (LOD) for arsenic, based on a 
mean blank (n = 35) signal + 3SD (Equation 2.13) of 0.1 pg/1 As (Section 2.4.5). 
Arsenic determination was achieved in collision cell mode (4.0 ml/min He) to 
minimise the effect of polyatomic interferences, such as "’^ Ar^^Cf, over a cahbration 
range of 0.1 -  100 pg/1 As (Section 2.4.8). Internal standardisation was utilised for the 
purposes of monitoring for any instrumental drift during total arsenic analysis through 
the addition of a 50 pg/1 solution of ^^ T^e"^  to the sample solution via a T-piece. 
Instrument performance was measured against a range of CRMs (water, soil, scalp hair 
and urine). Relative standard deviations (RSD) for arsenic in all cases were over a 
range of ± 0.9 -  6.7% (Section 2.8.1). The analysis of all trace elements in Tables 2.25 
-  2.33 gave RSD values of <±  15%.
Alongside the analysis of CRMs for method validation, inter-analytical method 
comparisons were carried out for the determination of total and species arsenic by SPE, 
ICP-MS and HPLC-ICP-MS using a Student’s t-test to ensure no significant difference 
at the 95% probability level (P < 0.05) was observed between the results (Section 
2.8.2).
The developed and validated analytical methodology was then utilised for the 
environmental (natural water, soil, sediment) and biological (washed scalp hair and 
urine) studies for which results are reported in Chapters 3 -5 .
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Chapter Three
Environmental Analysis -  Arsenic in Water
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3.0 Summaiy of Findings
Arsenic (As) spéciation in surface and groundwater from two provinces in Argentina 
(San Juan and La Pampa -  refer to Section 1.4.1) was investigated using solid phase 
extraction (SPE) cartridge methodology with comparison to total arsenic concentrations. 
A third province, Rio Negro (refer to Section 1.4.1), was used as a control to the study. 
Strong cation exchange (SCX) and strong anion exchange (SAX) cartridges were 
utilised in series for the separation and preservation of arsenite (As^ ^^ ), arsenate (As^), 
monomethylarsonic acid (MA^) and dimethylarsinic acid (DMA^), as outlined in 
Section 2.3.3.1. Samples were collected from a range of water outlets (rivers/streams, 
wells, untreated domestic taps, well water treatment works) to assess the relationship 
between total arsenic and arsenic species, water type and water parameters (pH, 
conductivity and total dissolved solids, TDS). Analysis of the waters for arsenic (total 
and species) was performed by inductively coupled plasma mass spectrometry (ICP- 
MS) in collision cell mode (refer to Section 2.4.3). Total arsenic concentrations in the 
surface and groundwater from Encon and the San José de Jâchal region of San Juan 
(north-west Argentina within the Cuyo region) ranged from 9 -  357 pg/1 As. 
Groundwater from Eduardo Castex (EC) and Ingeniero Luiggi (LU) in La Pampa 
(central Argentina within the Chaco-Pampean Plain) ranged from 3 -  1326 pg/1 As. 
The pH range for the provinces of San Juan (7.2 -  9.7) and La Pampa (7.0 -  9.9) are in 
agreement with other published hterature. The highest total arsenic concentrations were 
found in La Pampa well waters (both rural farms and pre-treated urban sources), 
particularly where there was high pH (typically > 8.2), conductivity (> 2600 pS/cm) and 
TDS (> 1400 mg/l). Reverse osmosis (RO) treatment of well waters in La Pampa for 
domestic drinking water in EC and LU significantly reduced total arsenic concentrations 
from a range of 216 -  224 pg/1 As to 0.3 -  0.8 pg/1 As. Arsenic species for both 
provinces were predominantly As™ and A s\ As™ and As^ concentrations in San Juan 
ranged from 4 -1 3 8  pg/1 and < 0.02 -  22 pg/1 for surface waters (in the San José de 
Jâchal region) and 23 -  346 pg/1 and 0.04-76 pg/1 for groundwater, respectively. This 
translates to a relative As™ abundance of 69 -  100% of the total arsenic in surface 
waters and 32 -  100% in groundwater. This is unexpected because it is typically 
thought that in oxidising conditions (surface waters), the dominant arsenic species is 
A s \ However, data from the SPE methodology suggests that AsF^  is the prevalent
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species in San Juan, indicating a greater influence from reductive processes. La Pampa 
groundwater had As^ ^^  and As^ concentrations of 5 -  1332 pg/1 and 0.09 -  592 pg/1 for 
EC and 32 -  242 pg/1 and 30 -  277 pg/1 for LU, respectively. Detectable levels of MA^ 
were reported in both provinces up to a concentration of 79 pg/1 (equating to up to 33% 
of the total arsenic). Previously published literature has focused primarily on the 
inorganic arsenic species, however this study highlights the potentially significant 
concentrations of organoarsenicals present in natural waters. The potential for 
separating and preserving individual arsenic species in the field to avoid transformation 
during transport to the laboratory, enabling an accurate assessment of in situ arsenic 
spéciation in water supplies is discussed.
3.1 Study Sites
Surface and groundwater samples were collected from two provinces in Argentina, San 
Juan and La Pampa, which were introduced in Section 1.4. The sites were selected 
based on their direct interaction with human exposure pathways, via drinking water, 
crop production (irrigation) and animal grazing/watering (cattle, goat, horse and sheep). 
Sites were also selected based on known high total arsenic concentrations in natural 
waters (Smedley et al, 2002) and evidence of arsenic related health problems within 
the population cited by local medical practitioners, with symptoms ranging from 
keratosis and skin lesions to several reported cases of cancer (refer to Section 1.2.5.2). 
Additional water samples were collected from the province of Rio Negro as a control to 
the arsenic study. Further descriptions of each site are given below.
3.1.1 San Juan
Water samples were principally collected from river/stream systems (surface waters), 
used for irrigation and cattle watering purposes, groundwater sources as well as 
untreated domestic tap supplies. Study sites comprised surface waters from the Rio 
Blanco near Angualasto (ANG) [30®3’0S, 69°9’0W]; the Rio Jâchal (RJ) in and around 
San José de Jâchal [30°14’0S, 68°45’0W]; the Cuesta del Viento dam (CU) on the Rio 
Jâchal; the Rio Colola (CO), a tributary that feeds into CU; Agua Negra (AN), a 
freshwater spring flowing into the Rio Jâchal and the Rio Huaco in Huaco (HU) 
[30°09’17S, 68°28’46W] as shown in Figure 3.1. Surface waters were collected at a
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range of depths (0 -  30 cm below the water level). Domestic (untreated) tap supplies 
were collected from Niquivil (NQ) [30°24’2S, 68°41’47W] and San Juan (SJ) 
[31°32’03S, 68°31’34W] the provincial capital of San Juan Province (Figures 3.1 &
3.2). Tap water samples were taken after allowing the water to run for a minimum of 30 
-  60 seconds through the pipes, in order to flush the pipeline of any potential adsorbed- 
As deposits, as stated in Section 2.1.1. Artesian well and untreated residential tap 
waters were taken from the community of Encon (EN) [32° 12’OS, 67°47’0W] on the 
San Juan -  Mendoza border (Figure 3.2).
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Figure 3.1: Map of sampling locations in northern San Juan Province, Argentina 
(for sample codes refer to Appendix Dl).
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Water samples (groundwater) collected from the community of Encon originate from 
two different sources, the main community well supply and a blended combination of 
this well with a riu'al farm (finca) well, (which is located approximately 30 km away 
and the extracted water is piped to Encon where it is blended and stored in tanks for 
community distribution and usage).
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Figure 3.2: Map of sampling locations in southern San Juan Province, Argentina 
(for sample codes refer to Appendix Dl).
Sampling elevations ranged from 1635 m above sea level (a.s.l.) at Angualasto in the 
north to 507 m a.s.l. at Encon in the south. Water collection from San Juan (San José de 
Jachal and San Juan areas) amounted to 23 surface water samples and 5 domestic tap
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supply samples, as well as 15 samples from the community of Encon (5 urban well; 4 
finca (rural farm) well; 3 blended untreated tap supplies; 3 school water supplies).
3.1.2 LaPampa
The study was focused to the north of the province in the towns of Eduardo Castex 
[35°53’60S, 64°17’60W], 80 km north of Santa Rosa, the provincial capital, and 
Ingeniero Luiggi [35“25’0S, 64°28’60W], 130 km northwest of Santa Rosa, at 
elevations of 166 -  206 m a.s.l (Figure 3.3). Well waters (groundwater from 
Quaternary loess aquifers), used predominantly for drinking and irrigation were 
sampled from individual farmsteads (rural wells), urban wells and from two reverse 
osmosis water treatment works in Eduardo Castex (EC) and Ingeniero Luiggi (LU).
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Figure 3.3: Map of sampling locations in north-east La Pampa Province, Argentina 
(for sample codes refer to Appendix Dl).
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Water flow-rates at the private farmsteads (fincas) were dependent on wind conditions, 
as stated in Section 2.1.1. Flow-rates varied from between 1 - 1 9  Fmin at the time of 
sampling and between sites. Tap water samples were taken after allowing the water to 
nm for a minimum of 30 -  60 seconds through the pipes. A total of 157 water samples 
(60 urban wells; 52 mral wells; 15 untreated domestic tap supplies; 30 water treatment 
works) were collected from the province (Figure 3.3).
3.1.3 Rio Negro
Water samples were collected from surface waters (Rio Colorado (RC) and Rio Negro 
(RN)), domestic tap supplies from the local school and residences and groundwater well 
supplies in the province (Figure 3.4).
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Figure 3.4: Map of sampling locations in Rio Negro Province (control), Argentina 
(for sample codes refer to Appendix Dl).
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Sampling was primarily focused to the north of the province in the town of General 
Roca (GR) [39°02’S, 67°35’W] approximately 418 km north-west of the provincial 
capital, Viedma, at typical elevations of 227 -  362 m a.s.l. Water samples collected 
from the province consisted of 40 surface waters, 6 groundwater well supplies and 31 
domestic tap waters (Figure 3.4).
3.2 Water Sampling and Analysis
Water samples for total arsenic determination were collected as outlined in Section
2.1.1 and subsequently analysed by ICP-MS, as stated in Section 2.4. Water samples 
for in situ arsenic species determination were passed through the Junior Bond Elut® SPE 
cartridge set-up (refer to Figure 2.9) as outlined in Section 2.3.3.1. HPLC-ICP-MS 
(refer to Section 2.7) was used as an inter-analytical method comparison with the field- 
based SPE spéciation method for arsenic, to confirm the presence of the individual 
arsenic species in their respective fractions, as reported by Watts et aL, 2010 (Appendix 
Bl). Verification of the SPE methodology can also be found in Appendix Bl. Physical 
water parameter measurements (pH; conductivity, pS/cm; total dissolved solids (TDS), 
mg/1) were recorded at the time of sampling (prior to filtration/acidification) using a 
fully calibrated Hanna HI 98129 Digital Combo Meter (Hanna Instruments Ltd, 
Bedfordshire, UK), as stated in Section 2.1.1.1. A GPS reference and elevation was 
also taken at each sampling site using a Garmin™ Geko 201 (Garmin Ltd, Hampshire, 
UK).
3.3 Instrumentation
Filtered/acidified (F/A) water samples for total arsenic analysis and fractionated water 
samples from the SPE field-based spéciation method were analysed using an Agilent 
7500-CX Series ICP-MS instrument, as stated in Section 2.4. The standard operating 
conditions for the instrument in collision cell mode can be found in Section 2.4.4. 
Optimisation of the ICP-MS instrument was undertaken as stated in Sections 2.4.4 & 
2.4.8. Certified reference waters NIST SRM® 1643e (National Institute of Standards 
and Technology, Maryland, USA) and TMDA-54.4 (National Water Research Institute, 
Ontario, Canada) were utilised to validate the procedure for arsenic, with results 
reported in Section 2.8.1.
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3.4 Results
3.4.1 Physical Water Parameters
Physical water parameter (pH, conductivity, TDS) measurements for surface, ground 
and domestic tap waters show clear variations both within and between the provinces of 
San Juan and La Pampa, Argentina (Table 3.1).
Table 3.1: Total arsenic (range) and physical parameters (range) for surface, tap and 
groundwater collected from San Juan, La Pampa and Rio Negro, Argentina.
n Total As range Hg/1(F/Af pH
Conductivity
(uS/cm) TDS*(mgA)
San Juan (SJ)
Sur&ce watCTS 23 11-133 7 .8 -8 .9 1295-2506 527-1245
Domestic tap supplies 5 9 -1 0 0 7 .2 -7 .7 1126- 1837 922-> 2000
Encon (EN)
Community well 5 31 -357 9 .3 -9 .7 972-1603 526-1346
Rural well 4 2 5 -7 6 9 .4 -9 .7 1387-1552 690-1405
Blended tap supplies 3 159-331 9 .1 -9 .4 1047-1534 997-1267
School* 3 2 1 -6 6 8 .0 -9 .6 743 -1387 561-1107
Eduardo Castex (EC)
Urban wells 40 39 -290 7 .9 -9 3 399->3999 8 7 -> 2 0 0 0
Rural wells 29 33-1128 7 .4 -9 .9 767-> 3999 383-> 2000
Domestic tap supplies 15 4 1 -747 7 .7 -8 .8 1446->3999 118->2000
WTWs*** 21 0 .8-216 7 .0 -8 .6 7 9 -> 3999 3 9 -> 2 0 0 0
Ingeniero Luiggi (LU)
Urban wells 20 115-327 7 .4 -8 .7 1015->3999 2 42-> 2000
Rural wells 23 3 -1326 7 .5 -9 .0 940-> 3999 345-> 2000
WTWs** 9 0.3-370 7 .4 -8 .7 9-2145 4 -1 1 8 2
Rio N ^ ro  (RN)
Surfece waters 40 0.8-16.4 6 .9 -9 .2 987-3149 219-1994
Well supplies 6 1.5-5.2 7 .1 -8 .0 1109-2129 1258 -  1853
Domestic tap supplies
_/in
31 0 .5-4 .5 7 .0 -8 .8 908 -1574 470-1620
Includes treated and untreated water samples 
* WTWs = water treatment works
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Different pH ranges were observed between the surface and domestic tap waters from 
the San Juan (SJ) sampling locations (Figures 3.1 & 3.2), namely 7.8 -  8.9 and 7.2 -  
7.7, respectively (Table 3.1). Conductivity levels ranged from 1295 -  2506 pS/cm in 
the surface waters and 1126 -  1837 pS/cm in the domestic tap supplies (Table 3.1). 
Conversely, TDS levels in surfece waters ranged from 527 -  1245 mg/1 and 922 -  > 
2000 mg/1 in domestic tap supplies (Table 3.1).
The two different water sources in Encon, as well as their blended supply demonstrated 
similar parameter measurements. The pH conditions ranged from 9.3 -  9.7 for the 
urban well, 9.4 -  9.7 for the rural well and 9.1 -  9.4 for the blended tap supply (Table
3.1). Conductivity levels ranged from 972 -  1603 pS/cm for the urban well, 1387 -  
1552 pS/cm for the rural well and 1047 — 1534 pS/cm for the combined tap water 
supply (Table 3.1). Similar levels were also reported for TDS, 526 -  1346 mg/1 for the 
urban weU, 690 — 1405 mg/1 for the rural well and the combined water supply exhibited 
997 -  1267 mg/1 (Table 3.1). Treatment of the drinking water by ion-exchange in the 
local school - Escuela Albergue Dr Juan Carlos Navarro, reduced pH levels from 9.6 
(untreated) to 8.0 (treated), conductivity levels from 1387 pS/cm (untreated) to 743 
pS/cm (treated) and TDS levels from 1107 mg/1 (untreated) to 561 mg/1 (treated). 
Conductivity measurements showed little variability between water types in Encon, 
with the urban well displaying the greatest range (Table 3.1). TDS results for Encon 
were comparable with those exhibited in the surface waters from the province, ranging 
from 526 -  1405 mg/1 and 527 -  1245 mg/1, respectively (Table 3.1).
Water parameter measurements for La Pampa demonstrate a much wider range of pH, 
conductivity and TDS than those from San Juan (Table 3.1). Urban well samples from 
Eduardo Castex (EC) reported higher pH values compared to similar waters taken in 
Ingeniero Luiggi (LU), with ranges of 7.9 -  9.3 and 7.4 -  8.7, respectively (Table 3.1); 
somewhat lower than San Juan. Rural well supplies, showed pH ranges of 7.4 -  9.9 and
7.5 -  9.0 for EC and LU, respectively. Tap water pH values from EC were 7.7 -  8.8. 
Water samples collected from the two reverse osmosis water treatment works (WTWs) 
in EC and LU exhibited the lowest pH levels with 7.0 -  8.6 in EC and 7.4 -  8.7 in LU 
(Table 3.1). Both EC and LU displayed similar conductivity levels for the urban and 
rural well water samples with ranges of 399 -  > 3999 pS/cm and 940 -  > 3999 pS/cm, 
respectively (Table 3.1). Conductivity measurements reported in the tap waters in EC
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displayed levels of 1446 -  > 3999 pS/cm (Table 3.1). The introduction of the water 
treatment works in both towns notably lowered all water parameter values, with 
conductivities as low as 79 pS/cm in EC and 9 pS/cm in LU (Table 3.1). This trend was 
also seen in TDS measurements, with EC displaying a reduction in the low end TDS 
range from 87 mg/1 to 39 mg/1 and for LU from 242 mg/1 to 4 mg/1 (Table 3.1). With 
the exception of the water treatment works in LU, all water types, namely ground (rural 
and urban wells) and tap, collected from La Pampa reported conductivity and TDS 
ranges to maximum recordable values of 3999 pS/cm and 2000 mg/1, respectively. No 
statistically significant relationship was observed between pH and either conductivity or 
TDS in San Juan (conductivity: = -0.03; TDS: R^  = -0.03) or La Pampa
(conductivity: R^  = 0.05; TDS: R  ^= 0.01).
Water parameter measurements for the control province of Rio Negro (RN) exhibited a 
pH range of 6.9 -  9.2 for Rio Colorado and Rio Negro surface waters; 7.1 -  8.0 for well 
waters and 7.0 -  8.8 for domestic tap supplies (Table 3.1). Conductivity and TDS 
measurements for surfece waters ranged from 987 -  3149 pS/cm and 219 -  1994 mg/1, 
respectively. Well waters had conductivity levels of 1109 -  2129 pS/cm and TDS 
levels of 1258 -  1853 mg/1, whereas domestic tap supphes showed lower levels, 
reporting 908 -  1574 pS/cm and 470 -  1620 mg/1 for conductivity and TDS, 
respectively (Table 3.1).
3.4.2 Total Arsenic
Total arsenic concentrations in all surface, ground and some tap waters from San Juan 
and La Pampa determined by ICP-MS were elevated in comparison to the control 
province of Rio Negro in almost all study locations (Tables 3.1 -  3.3). In San Juan, 
surface waters, primarily used for irrigation and livestock, exhibited the lowest 
concentrations of arsenic (mean: 67; median: 74; range: 11-133 pg/1 As) measured in 
natural waters in this study (Figure 3.5). The highest concentrations of arsenic in these 
surface waters were found in the Rio Blanco near Angualasto (47 -  133 pg/1 As), the 
uppermost sampling location at 1635 m a.s.l. and the closest to the Andes and sites of 
local gold mining activity. The lowest total arsenic concentrations were found in the 
Rio Huaco - a separate river system north of San José de Jâchal (Figure 3.6).
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Table 3.2: Total arsenic and arsenic species concentrations for a selection of sampling 
sites in the province of San Juan, Argentina.
Study site*
Total As 
pg/1 
(F/A)**
Arsenic species 
concentrations by SPE /jig/l
As™ As'" MA^ DMA'"
Sum As Fe
pg/1
Mn
pg/1
Mo
pg/1
s o /
mg/1
NO3
m gjl
PO /
mgil
San Juan (SJ) 
ANGl 77.9 69.7 14.6 8.4 0.7 93.3 < 0.8 <7 55.2 8.3 233 2.3 < 1
ANGla 133 138 < 0.02 < 0.02 n.d. 138 < 0.8 286 < 0.8 4.0 224 1.6 < 1
ANGlb(^) 132 124 n.d. 3.8 n.d. 128 < 0.8 676 < 0.8 4.3 218 1.6 < 1
ANGlc(^) 131 129 n.d. 3.0 <0.03 132 < 0.8 85 < 0.8 3.9 219 1.6 < 1
ANGld(^) 116 110 n.d. 2.8 n.d. 113 < 0.8 179 < 0.8 4.2 219 1.5 < 1
ANG4(^) 46.7 50.8 0.2 1.9 0.4 53.4 < 0.8 559 < 0.8 3.1 203 0.9 < 1
ANG5 78.7 62.7 22.1 6.0 0.1 90.9 < 0.8 <7 55.4 3.9 244 2.3 < 1
c o i 52.0 45.2 2.4 3.7 <0.03 51.3 < 0.8 <7 402 14.0 1091 2.1 < 1
GUI 77.5 92.9 6.7 1.3 0.12 101 1302 2064 65.3 2.3 303 1.8 < 1
RJl 116 51.8 14.8 2.5 n.d. 69.3 < 0.8 <7 < 0.8 118 166 1.1 < 1
RJ2 (^ ) 75.7 86.0 2.0 2.2 <0.03 90.2 < 0.8 <7 3.4 4.4 270 1.6 < 1
RJ3 73.9 85.0 0.9 3.3 n.d. 89.2 < 0.8 <7 1.0 4.2 307 1.7 < 1
73.8 86.2 1.7 2.6 0.1 90.7 < 0.8 <7 22.1 4.4 292 1.8 < 1
74.1 60.4 18.8 4.8 0.1 84.1 < 0.8 <7 8.7 4.4 300 1.6 < 1
54.5 59.2 1.4 1.2 0.1 61.9 < 0.8 <7 26.3 4.1 395 2.6 < 1
ANla 23.9 20.1 2.3 1.2 0.1 23.7 < 0.8 <7 < 0.8 3.3 475 10 < 1
ANlb(^) 23.1 11.1 0.3 0.5 n.d. 12.0 < 0.8 <7 < 0.8 3.1 475 10 < 1
HU2a( )^ 11.6 4.2 0.3 0.8 0.1 5.4 8.7 4 602 8.3 380 6.1 < 1
HU2b( )^ 10.6 10.9 0.2 0.3 0.2 11.6 8.3 2 541 7.9 380 6.1 < 1
NQl ^ 17.0 13.9 0.9 1.7 0.13 16.6 < 0.8 422 4.0 4.5 21.3 1.6 < 1
NQ2 <^ 9.2 5.8 1.8 1.6 <0.03 9.3 < 0.8 312 5.2 23.5 23.7 1.8 < 1
N Q 3^ 21.3 18.6 0.8 1.1 0.06 20.5 1.2 335 12.4 26.3 15.4 0.9 < 1
S J l^ 43.3 28.9 0.7 2.3 0.04 31.9 < 0.8 189 13.2 12.1 33.3 2.2 < 1
SJ2 ^ 99.8 89.8 1.1 1.9 <0.03 92.8 0.9 263 1.4 9.1 29.9 1.2 < 1
Encon (EN) 
ENl 31.2 25.3 6.1 9.5 <0.03 40.9 18.7 <7 1.8 18.4 162 0.1 < 1
EN2 ^ 324 253 38.2 32.6 0.09 323 < 0.8 104 15.0 8.8 209 0.1 < 1
EN3^^ 357 346 8.4 45.1 n.d. 399 < 0.8 387 1.2 20.8 211 0.8 < 1
EN4(^ 205 204 13.6 12.3 <0.03 230 < 0.8 798 1.4 15.7 114 1.3 < 1
E N 5 ^ 353 268 14.5 32.5 n.d. 315 < 0.8 947 < 0.8 20.7 213 1.1 < 1
EN6 (^ ) 66.0 46.3 0.04 0.1 <0.03 46.5 < 0.8 <7 2.1 6.3 113 32 < 1
EN7^^ 76.0 78.2 0.17 0.6 0.2 79.2 < 0.8 799 2.7 8.7 221 35 < 1
EN8 ^^ 24.6 22.7 0.09 0.1 0.05 22.9 < 0.8 51 5.0 8.7 216 30 < 1
EN9^^ 69.4 70.4 0.14 0.1 0.04 70.7 < 0.8 351 0.9 8.5 112 27 < 1
ENIO^ 270 189 70.1 22.8 0.07 282 < 0.8 397 3.1 8.2 118 6.5 < 1
E N ll ^ 331 201 46.1 79.2 <0.03 327 10.5 79 4.8 21.1 201 4.9 < 1
ENl 2 ^ 159 68.3 75.5 70.2 <0.03 214 8.5
TüT™":",
39 4.0 20.1 154 1.8 <1
SPE = solid phase extraction; As°‘ = arsenite; As  ^= arsenate; MA^ = monomethylarsonic acid; DMA^ = 
dimethylarsinic acid; A1 = aluminium; Fe = iron; Mn = manganese; Mo = molybdenum; S04 ‘^ = sulphate; 
NO3' = nitrate; P04 '^ = phosphate
* For sample codes refer to Figures 3.1 & 3.2 and full details in Appendix Dl 
** F/A = filtered/acidified (1% v/v HNO3)
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Arsenic in the man-made lake of the Rio Blanco/Rio Jachal, namely, Cuesta del Viento 
dam (CUl) was 78 pg/1 As (Figure 3.6), compared to the Rio Colola inflow (52 pg/1 
As). A raised arsenic concentration was measured at the outflow of the Pachimoco dam 
(RJl) of the Rio Jachal with a value of 116 pg/1 As (Figure 3.6), which is in agreement 
with a previously reported value (Hill, 2009).
Table 3.3: Total arsenic and arsenic species concentrations for a selection of sampling 
sites in the province of La Pampa, Argentina.
Arsenic species
site* As pg/1 (F/A)** As™ As^ MA^ DMA''
species
pg/1 pg/1
rc
pg/1
mn
pg/1
iVlO
pg/1
»3V/4
mgh m gjl mg/1
Eduardo Castex (EC) 
EC6 209 202 0.09 6.1 0.1 208 1.2 <7 n.d. 148 760 9.2 <1
EC 24^ 61.2 46.3 2.2 4.1 0.4 53.0 < 0.8 <7 n.d. 113 564 7.5 1.1
EC 33^ 290 226 2.2 7.8 0.4 236 < 0.8 <7 n.d. 98.8 598 10 2.1
EC41 1117 547 37.2 15.6 0.8 601 < 0.8 <7 < 0.8 1037 901 82 < 1
EC42 1063 951 n.d. 43.6 <0.03 994 n.d. 544 n.d. 46.1 46.5 52 < 1
EC44 1128 1332 11.8 42.1 0.3 1387 < 0.8 <7 < 0.8 697 4.5 81 < 1
EC45 476 251 114 3.8 11.4 380 < 0.8 2614 92 22.0 52.2 75 1.3
EC47 546 370 16.5 45.3 n.d. 432 3.8 2678 93 30.8 66.8 55 2.3
EC50 639 277 359 18.1 <0.03 654 n.d. 223 n.d. 95.1 171 159 < 1
EC65 68.6 4.7 51.8 12.0 0.1 68.7 3.6 11 n.d. 15.3 23.3 8.2 < 1
EC66 1125 416 592 56.5 0.1 1065 6.9 <7 < 0.8 205 147 57 < 1
EC68 86.5 46.0 3.2 1.2 0.1 50.5 < 0.8 34 2.2 22.6 1879 87 < 1
EC81 ^ 150 151 2.4 11.3 <0.03 165 1.3 59 n.d. 13.3 270 53 < 1
EC84^ 92.9 131 23.2 < 0.02 0.04 154 n.d. 623 n.d. 8.2 159 121 < 1
Ingeniero Luiggi (LU) 
LUl ^  182 42.9 97.0 28.8 0.2 169 < 0.8 <7 1.4 3.1 86.2 5.3 < 1
LU2 ^ 305 92.6 150 59.1 0.2 302 < 0.8 634 2.1 3.3 55.4 0.6 < 1
LU5^^ 156 38.0 93.8 30.4 0.2 162 1.3 984 36.0 3.5 57.7 2.9 < 1
L U 9^ 293 163 120 12.3 0.1 295 1.4 <7 n.d. 6.0 426 12 < 1
LUIO^ 167 131 29.7 6.5 0.3 167 < 0.8 819 n.d. 9.3 885 20 < 1
LUl 3 255 136 106 12.1 0.2 255 < 0.8 606 n.d. 7.5 380 20 1.2
LUl 4 ^ 149 32.3 98.5 32.0 0.2 163 4.5 121 n.d. 5.8 369 13 < 1
LUl 7^^ 224 127 98.1 15.9 0.3 241 < 0.8 702 n.d. 6.3 264 76 1.1
LUl 9 ^ 293 156 54.9 12.4 0.1 223 < 0.8 954 n.d. 13.7 645 119 < 1
LU20 115 78.9 32.9 4.5 0.1 116 < 0.8 954 n.d. 13.7 470 345 < 1
LU24 217 130 68.2 8.6 0.05 207 1.2 1041 23.9 13.5 3.6 39 <1
LU25 276 242 105 13.6 0.04 360 n.d. 977 n.d. 8.0 384 15 < 1
LU29 133 101 29.7 5.7 1.2 137 < 0.8 297 13.3 12.2 114 22 < 1
LU34 208 138 65.6 8.1 0.4 212 < 0.8 1041 23.1 13.5 3.0 38 < 1
LU38 269 37.6 277 23.1 0.1 338 1.4 634 2.7 3.3 52.6 46 < 1
= rural well; '  ^= domestic tap supply; = urban well; n.d. = not detected 
SPE = solid phase extraction; = arsenite; As  ^= arsenate; MA^ = monomethylarsonic acid; DMA^ = 
dimethylarsinic acid; A1 = aluminium; Fe = iron; Mn = manganese; Mo = molybdenum; S04 ‘^ = sulphate; 
NO3 = nitrate; P04 ’^ = phosphate 
For sample codes refer to Figure 3.3 and full details in Appendix Dl 
** F/A = filtered/acidified (1% v/v HNO3)
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Figure 3.5: Total arsenic concentrations in waters from San Juan and La Pampa, 
Argentina (no surface waters in La Pampa).
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Figure 3.6:Total arsenic concentrations reported downstream in the surface waters from 
San Juan, Argentina (see Figure 3.1 and Appendix Dl for sample codes).
Rio Blanco (ANGla -  ANG 5M  ; Rio Colola (C O I)# ; Rio Jachal (CUl, 
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Total dissolved arsenic remained relatively constant along the Rio Jachal (mean: 78; 
median: 74; range: 55 -  116 gg/1 As), with minimal addition of arsenic from the 
freshwater spring at Agua Negra (Figure 3.6). Arsenic concentrations in untreated 
domestic tap water samples from the same area ranged from 9 - 1 0 0  pg/1 As, with a 
mean of 38 pg/1 As (Table 3.1), almost all of which exceed the WHO drinking water 
limit for arsenic with a maximum measured concentration of lOx that value.
The different sources of water in the community of Encon (in the south of San Juan 
Province) displayed significantly different total arsenic concentrations in comparison to 
the main provincial sampling sites in the north. Encon (EN) rural well waters (« = 4) 
had a more limited range of arsenic concentrations (mean: 59; range: 25 -  76 pg/1 As) as 
shown in Figure 3.5. However, the EN urban well waters (mean: 254; range: 31 -  357 
pg/1 As) (Table 3.1), are all well above the WHO recommended limit of 10 pg/1 for 
arsenic in drinking water (WHO, 1993). Untreated domestic tap waters composed of 
the two different well supplies blended together is the main drinking water source for 
the community; these had a mean total arsenic concentration of 253 pg/1 As. A 
reduction in total arsenic was seen after treatment by ion-exchange at the local school 
from 66 to 21 pg/1 As (Table 3.1). The distribution of total arsenic in the rural well and 
surface waters were comparable, with median values of 68 pg/1 As and 74 pg/1 As, 
respectively (Figure 3.5). The Encon urban well and domestic tap supply waters 
showed a similar arsenic concentration range, however the distribution of the results 
were different with median arsenic concentrations of 324 pg/1 As and 270 pg/1 As, 
respectively (Figure 3.5).
Total arsenic in La Pampa for EC and LU displayed distinct variability and overall had 
a greater range in arsenic concentrations compared to San Juan. Urban well waters in 
EC had total arsenic concentrations of 39 -  290 pg/1 As, whilst LU were 115 -  327 pg/1 
As (Table 3.1). The rural well waters from both towns had the highest concentrations of 
total arsenic found in this study, with EC (« = 29) having a maximum of 1128 pg/1 As 
and LU {n = 23) 1326 pg/1 As (Table 3.1 & Figure 3.5); with overall means of 484 pg/1 
As (EC) and 212 pg/1 As (LU). Tap water samples from EC were also above the WHO 
guideline level, with a range of 41 -  747 pg/1 As (mean: 379 pg/1 As) (Table 3.1). 
Groundwater arsenic values reported in the literature for the town of Eduardo Castex 
ranged from < 4 -  5300 pg/1 As (Smedley et al, 2002). The rural well waters displayed
140
the broadest concentration range in La Pampa with arsenic values of 3 -  1326 pg/1 As 
(Figure 3.5). The urban well and domestic tap supply samples yielded narrower ranges 
of 39 -  327 pg/1 As and 41 -  747 pg/1 As, respectively (Figure 3.5). Little similarity 
was seen in the range of total arsenic concentrations for each water type from the 
provinces of San Juan and La Pampa.
Total arsenic in the control province of Rio Negro displayed concentrations well below 
the WHO drinking water limit of 10 pg/1 As in the majority of samples (surface waters: 
0.8 -  16.4; well waters: 1.5 -  5.2; tap supplies: 0.5 -  4.5 pg/1 As) (Table 3.1). Surface 
water arsenic concentrations in Rio Negro were on average 10-fold lower than those 
reported in San Juan; well waters were approximately 100-fold lower than in Encon and 
as much as 500-fold lower than corresponding samples in La Pampa. Tap water 
samples from Rio Negro displayed a 150-fold reduction in total arsenic concentrations 
in comparison to the two As-rich areas of San Juan and La Pampa.
3.4.3 Arsenic Species
The individual arsenic species (As^ ^^ , A s\ MA^ and DMA^), separated in the field 
using the SPE cartridge methodology, displayed varying concentrations and percentage 
contributions between the two main study provinces in Argentina.
3.4.3.1 San Juan
Dissolved arsenic in waters (surface and tap) collected from the main San Juan study 
sites (San José de Jachal region) was largely composed of As^ \^ Surface waters had an 
concentration range of 4 -138 pg/1 {n = 19), contributing 69 -  100% of the total 
arsenic (Table 3.2). The highest As^ ^^  concentrations in surface waters were found near 
Angualasto (ANG) (mean: 98; range: 51 -  138 pg/1), with little contribution from A s\ 
MA^ or DMA^. This trend was observed in the Rio Colola (COI), with values of 45 
(As™) > 3.7 (MA^) > 2.4 (As^) > 0.03 (DMA^) pg/1 (Table 3.2). A similar relative 
abundance at lower arsenic concentrations was found in the Cuesta del Viento dam and 
Rio Jachal samples. The freshwater stream at Agua Negra and the Rio Huaco had some 
of the lowest concentrations of arsenic species in the surface waters with mean values
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for the Rio Huaco of 7.6 pg/1 (As™), 0.3 pg/1 (As^), 0.6 pg/1 (MA^) and 0.2 pg/1 
(DMA^). Tap water samples from San Juan city and Niquivil (w = 5) showed an 85% 
mean contribution of As™ (mean: 31; range: 6 - 9 0  pg/1), as highlighted in Table 3.2.
Tap water samples from Encon exhibited a high concentration of As™ (mean: 153; 
range: 68 -  201 pg/1), equating to a 53% average contribution with the remainder 
principally composed of As^ (25%) and MA^ (22%). Encon urban well waters 
contained 80% As™ (mean: 219 pg/1) and 8% As^ (mean: 16 pg/1). However, the 
arsenic species composition in the rural well waters from Encon (n = 4), consisted of 
99% (mean: 54; range: 23 -7 8  pg/1), with the remaining 1% made up of the three 
other species (Table 3.2). These findings show a substantial increase in As^  ^
concentrations in Encon well waters (urban and rural) in comparison to the untreated 
domestic tap waters.
Low concentrations of organoarsenicals were found in the main San Juan (surface 
waters) region, with values of < 0.02 -  8.4 pg/1 for MA^ and < 0.03 -  0.7 pg/1 for 
DMA^ (Table 3.2). These low concentrations are indicative of low microbial activity, 
such as algae growth, which has been noted to metabolise arsenic into these 
organoarsenicals in surface waters during summer months (Smedley & Kinniburgh, 
2002). The lack of farming activity around the sampling locations also implies there is 
no input from agrochemicals by surface run-off. In contrast, the high concentrations of 
the organoarsenic species M A \ in Encon tap supphes (mean: 57; range: 23 -  79 pg/1) 
and urban well water (mean: 26; range: 10 -  45 pg/1) suggests possible microbial 
activity leading to méthylation of inorganic arsenic.
3.4.3.2 LaPampa
The loess groundwater of EC exhibited a very high proportion of As™, as was evident in 
the community of Encon in San Juan Province. Urban well waters in EC had a mean {n 
= 3) As™ concentration of 158 pg/1 (range: 46 -  226 pg/1), equating to 93% of the total 
arsenic. The highest contribution of inorganic arsenic species in rural well waters was 
in EC, with As™ accounting for 68% of the total arsenic (mean: 466; range: 5 -  1332 
pg/1), compared with 26% (mean: 132; range: 3 -  592 pg/1) for As^, as reported in 
Table 3.3.
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Tap waters from EC had mean inorganic arsenic concentrations of 141 pg/1 (range: 131
-  151 pg/1) and 13 pg/1 (range: 2 - 2 3  pg/1) for As™ and A s\ respectively (Table 3.3). 
Urban well waters in LU had a mean As^  ^ concentration of 100 pg/1 (range: 32-163 
pg/1), accounting for 48% of total arsenic (Table 3.3). A large proportion of the arsenic 
recorded in the individual LU urban well waters consisted of As^ (18 -  60% of total 
arsenic), with a mean concentration of 88 pg/1 (42% of total arsenic), which was not 
observed in the EC samples. Inorganic arsenic concentrations in the LU rural well 
waters paralleled those measured in the urban wells, consisting predominantly of As^ ^^  
(56%) and As^ (39%) at mean concentrations of 130 pg/1 and 109 pg/1, respectively. 
Comparison of the arsenic species within the province of La Pampa shows a slight 
variability between inorganic and organic species.
Organoarsenicals were present throughout the province within a range of 1.2 -  59 pg/1 
and < 0.03 -  11.4 pg/1 for MA^ and DMA^, respectively (Table 3.3). The dominant 
species was that of M A\ with the highest concentrations in the EC rural well waters 
(mean: 26; range: 1.2-57 pg/1). This pattern was not found in the LU waters, which 
saw the highest MA^ concentration (10%) in urban well waters (mean: 21 pg/1; range: 5
-  59 pg/1), compared with a 5% mean contribution in rural well waters (mean: 12 pg/1; 
range: 6 - 2 3  pg/1) (Table 3.3). The lowest MA^ concentrations were found in the 
domestic tap supplies (mean: 6; range: < 0.02 -11  pg/1) and urban well waters (mean: 
6; range: 4 - 8  pg/1) in EC.
3.4.3.3 Rio Negro
The control province of Rio Negro is characterised by sandy plains of Quaternary 
fluvial, lacustrine and aeolian origin (Abraham et a t, 2009). Mean inorganic arsenic 
species concentrations for the surface waters {n = 8) were 4.3 pg/1 for As™ (range: 0.1 -  
8.6 pg/1) and 7.5 pg/1 for As^ (range: 3.6 -  13.3 pg/1) (Table 3.4). Concentrations of 
As™ and As^ in the urban well waters {n = 2) ranged from 0.6 -  1.4 pg/1 and 0.5 -  0.9 
pg/1, respectively and for the tap supplies (n = 2) between 2.8 -  3.9 pg/1 for As™ and 0.1 
pg/1 for As^ (Table 3.4). Detectable levels of organoarsenicals were seen in all water 
types with the highest concentrations in the surface waters, 3.3 pg/1 (MA^) and 1.2 pg/1 
(DMA^).
143
Table 3.4: Total arsenic and arsenic species concentrations for a selection of sampling 
sites in the province of Rio Negro, Argentina.
Arsenic species
Study concentrations by SPE /pg/1 Sum As Mn Mo S04^
(F/A?- As“  As'’ MA' DMA' “ 8"
NO3 PO4" 
mgh mg)l
Rio Negro (RN) 
n n  (S) 5.7RCl
RC2^ ^
RC3(^
RC4(^
RC5(^
RNl
RN2^ ®
RN3^^
GRl
G R 2^
GR7^^
GRgC^
11.7
13.1
8.5 
16.4
14.2
13.7
6.3
1.3
2.5
3.2
4.4
0.1
5.2 
8.6 
n.d. 
n.d. 
n.d.
3.2 
n.d. 
0.6 
1.4 
2.8 
3.9
3.9
4.5 
7.2
6.6 
13.0 
13.3 
7.8 1.8 
3.6 
0.5 
0.9 
0.1 
n.d.
0.8
0.5 
1.2 
1.6 
3.3 
3.0
 
0.8 
0.2 
0.1 
n.d. 
0.03
1.1
0.6
1.2
1.2
1.0
1.2
1.1
1.0
n.d.
0.1
0.6
0.1
5.9 
10.8 
18.1
9.3 
17.2 
17.4
13.9 
5.5
1.3
2.4
3.5 
4.0
10.1
4.8 
193
< 0.8
n.d.
27.8 
< 0.8 
<.08 
13.2
9.8 
< 0.8
1.4
<7
<7
<7
12
10
10
<7
<7
3
4 
6 
2
1.4 
0.4 
1.8 
0.4
24.0
1.4 
472 
246 
4.2
4.0 
6.6
2.0
3.7
3.6
3.6
2.7 
310
2.8
7.0 
6.7
3.2
1.1
1.3 
2.2
18.4
19.0 
18.6
15.8
19.2
19.8
18.3 
20.6 
14.6
26.1
18.9
25.3
< 0.2
< 0.2
26
< 0.2
0.8
3.1
2.1 
< 0.2
0.9
1.4
< 0.2
< 0.2
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
= surface water; = domestic tap supply; = urban well; n.d. = not detected 
SPE = solid phase extraction; As°  ^ = arsenite; As'^  = arsenate; MA'^  = monomethylarsonic acid; DMA'  ^= 
dimethylarsinic acid; A1 = aluminium; Fe = iron; Mn = manganese; Mo = molybdenum; S04 '^ = sulphate; 
NO3 = nitrate; P04 '^ = phosphate
* For sample codes refer to Figure 3.4 and full details in Appendix Dl 
** F/A = filtered/acidified (1% v/v HNO3)
3.4.3.4 Water Treatment Works
Two water treatment works in La Pampa, namely Eduardo Castex and Ingeniero Luiggi, 
were also investigated. Both treatment plants were built in the 1980s, as a potential 
remediation method for the high concentrations of arsenic in the domestic drinking 
water. At both locations the raw water originates from a mixture of underground urban 
well supplies, which are extracted at various depths (20 -  90 m). Firstly, raw well water 
undergoes a filtration step, which removes any mud/solid particulates (Figure 3.7). The 
filtered water then enters a two-stage reverse osmosis (RO) process using iron (Fe) 
oxide. Colloids with high sorption capacities like oxyhydroxides of iron and manganese 
have been shown to be efficient agents in the removal of arsenic in water treatment 
(Daus et al, 2006). Iron oxides tend to sorb As^ more effectively than As™ at low to 
neutral pH levels (pH 4 -  7). This difference in sorption capacity for As^ and As™ 
tends to decrease with increasing pH (Impellitteri, 2004). Residual (waste) water is 
removed from the system at two outlets during the RO phase, and is subsequently 
pumped back into the underground urban well supply. The addition of sodium
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carbonate to the system is required to help stabilise the pH (Figure 3.7). The final 
‘cleaning’ process uses UV radiation and ozone (O3) or chlorination to sterilise the 
water. Constant monitoring of the water is then undertaken to ensure a minimal 
bacterial presence. The final drinking water is housed in a water tower (approximate 
capacity 10,000 litres) or in 10 litre individual containers.
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om 1
Mixed well 
water 
(raw source)
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Figure 3.7: Schematic of the water treatment works process in EC and LU, La Pampa, 
Argentina.
Total arsenic concentrations from water samples taken at 8 different stages along the 
water treatment process in EC and LU (Figure 3.7) show a substantial decrease in 
arsenic concentrations at the outflow. Initial total arsenic concentrations reported from 
the mixed raw well water sources in EC and LU displayed concentrations of 216 pg/1 
As and 224 pg/1 As, respectively (Table 3.5). From Stage 5 (outflow after RO) onwards 
there was a significant reduction in arsenic with the concentrations in the samples from 
the final drinking water supplies of 0.8 pg/1 As and 0.3 pg/1 As for EC and LU, 
respectively (Table 3.5). These total arsenic concentrations, following treatment of the 
drinking water are below the WHO limit of 10 pg/1 As (WHO, 1993). A difference was 
noted in total arsenic between both water treatment works at Stage 6 (RO + NaaCOs), 
with EC reporting 30.1 pg/1 As and LU 0.1 pg/1 As. This difference in total arsenic
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concentration may be due to dissimilarity in construction or operation between the two 
treatment plants. A higher concentration of total Fe was also seen at Stage 6 in the EC 
water treatment works (387 pg/1 Fe) compared to an undetectable level at LU (< 7 pg/1 
Fe), which may support this theory.
Table 3.5: Total arsenic concentrations throughout the treatment stages of two reverse 
osmosis water treatment works (WTWs) in La Pampa, Argentina.
Stage^ Description of treatment n
Arsenic concentration (pg/1) 
EC* WTW LU** WTW
1 Mixed well (raw) water 1 216 224
2 Pre-treated water 1 n.s. 5.8
3 RO inflow 1 72.2 213
4 Residual outflow water 1 76.4 370
5 RO outflow 1 0.8 <0.1
6 R0 + Na2C03 1 30.1 0.1
7 Water tower 1 13.1 n.s.
8 Drinking water 1 0.8 0.3
n.s. not sampled
* Treatment stages relate to WTW schematic in Figure 3.7
* EC = Eduardo Castex; ** LU = Ingeniero Luiggi
The arsenic spéciation studies at both of these treatment works found that the inflow 
water had a relative abundance of As^ ^^  > As^ > MA^ > DMA^ (Table 3.6).
Table 3.6: Arsenic species concentrations determined by SPE throughout the treatment 
stages of two reverse osmosis water treatment works (WTWs) in La Pampa, 
Argentina.
Arsenic species
_ concentrations by SPE /pg/i Sum As M n M o S O / NO 3 P O /
age escnp on d M A '' "S " “ S"
EC* WTW
3 RO inflow 73.1 4.1 2.1 0.3 79.6 13.6 <7 2 4.5 953 66 <1
5 RO outflow 0.1 0.4 0.2 <0.03 0.7 3.3 <7 <0.8 0.9 3.3 5.2 <1
8 Drinking water 0.1 0.6 0.2 <0.03 0.9 2.9 <7 <0.8 0.7 7.6 6.3 <1
LU" WTW
1 Raw water 196 2.8 6.0 1.7 207 6.7 1 <0.8 0.1 <0.5 3.7 <1
2 Pre-treated 2.2 0.7 1.2 0.2 4.3 <0.8 <7 7 65.8 273 24 <1
5 RO outflow <0.12 < 0.02 0.02 <0.03 0.02 34.1 18 1 <0.04 <0.5 3.1 <1
6 RO + NazCOa <0.12 0.02 <0.02 <0.03 0.02 <0.8 <7 <0.8 <0.04 <0.5 3.4 <1
Ireatment stages relate to W1W schematic in Figure 3.7 
SPE = solid phase extraction; As°  ^ = arsenite; As = arsenate; MA^ = monomethylarsonic acid; DMA^ = 
dimethylarsinic acid; A1 = aluminium; Fe = iron; Mn = manganese; Mo = molybdenum; S04 ‘^ = sulphate; 
NO3' = nitrate; P04  ^ = phosphate 
* EC = Eduardo Castex; ** LU = Ingeniero Luiggi
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Treated drinking water from EC (Stage 8) showed the only measurable alteration to this 
trend with the greatest contribution (0.6 pg/1) coming from As^. Due to the effective 
nature of the water treatment process, spéciation analysis was undetectable at most post­
treatment stages, with species concentrations reported <0.12 pg/1 for As™, < 0.02 pg/1 
for As^ and MA^, and < 0.03 pg/1 for DMA^ (Table 3.6).
3.5 Discussion
Total arsenic concentrations reported from San Juan and La Pampa (Argentina) were 
shown to be elevated well above the control province of Rio Negro, the WHO 
recommended drinking water limit of 10 pg/1 As (WHO, 1993) and in some cases 
above the 100 pg/1 As limit set by the FAG for irrigational waters (FAQ, 1994). Total 
arsenic concentrations for surface waters and groundwater (San Juan) are in good 
agreement with previously reported values, namely, 140 -  260 pg/1 As (Caceres et al, 
2005; WHO, 2001; Williams, 2001). Total arsenic concentrations for La Pampa 
groundwater (median: 164; range: 3 -  1326 pg/1 As) are notably lower than those 
reported by others, namely, as high as 5300 pg/1 As (median: 150 pg/1 As) (Smedley et 
al, 2002; WHO, 2001).
The elevated total arsenic concentrations in San Juan surface waters (11-133 pg/1 As) 
could be classified from either natural or anthropogenic sources and will be discussed 
further. The main river system in the north of the province is the Rio Blanco, a third or 
fourth order river (Rawlins et al, 1997), which feeds the subsequent river systems that 
were sampled, with the exception of the Rio Huaco (Figure 3.1). The source of the Rio 
Blanco comes from the periphery of the Andes mountain range. The geology of the 
area is dominated by marine sedimentation from the Carboniferous, which also 
experienced periods of localised volcanism in the Permian (Limarino et al, 2006). The 
input from natural processes (leaching/weathering/snowmelt) over the rich As-bearing 
minerals of the Andes, such as arsenopyrite (FeAsS), realgar (AsS) and orpiment 
(AS2 S3) and anthropogenic activity (base metal and gold mining) in the area may both 
contribute to the measured arsenic in these river systems (Steely et al, 2007; Mo reiras, 
2006; Williams, 2001; Rawlins et al, 1997). The semi-arid nature of San Juan would 
tend to suggest a limited interaction between As-rich mine waste and drainage water. 
However, Rawlins et al, 1997 reported 150 pg/1 dissolved arsenic in the Rio Blanco
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system, which if used as potable water could provide a regional source of arsenic that 
could potentially have health implications for the local population. It was noted, by 
Rawlins et al, 1997 that water samples collected further downstream did display 
smaller arsenic concentrations, suggesting the possibility of a dilution effect or a higher 
presence of Fe oxides acting as arsenic binders preventing mobilisation. The ability of 
Fe oxides to sorb arsenic depends on several factors, such as pH, oxidation/reduction 
potential, microbial effects, oxide type and competition for binding sites from other 
anions (Impellitteri, 2004). This trend was also seen in the current study. The total 
arsenic concentration at the uppermost sampling site (1635 m a.s.l.) along the Rio 
Blanco/Rio Jachal system (ANGla) was 133 pg/1 As compared with the lowest 
sampling location (1001 m a.s.l.) along the same river system (RJ6) at 55 pg/1 As (Table
3.2). These results suggest the effect of downstream arsenic dilution, consistent with 
increasing distance from mining activity and run-off from the Andes. Low 
concentrations of Al, Fe and Mn in the surface waters downstream indicates a lack of 
arsenic binding to metal oxides (Table 3.2).
The lower concentrations of arsenic (11 -  16 pg/1 As) reported from the Rio Huaco 
(HU) system may be attributed to a distinct difference in the geology of the river basin. 
The Rio Huaco is primarily located within Tertiary continental marine deposits. There 
is also little evidence to suggest the recent involvement of volcanic or mining activity in 
the area (Jenchen & Rosenfeld, 2002). The Rio Huaco is also not as strongly 
influenced by seasonal climatic effects that are more apparent in the Rio Blanco, such as 
snowmelt from the Andes, as it is a smaller more localised system. This would tend to 
suggest that the input of arsenic into the Rio Huaco from natural and anthropogenic 
sources is on a much smaller scale to that seen in the Rio Blanco and Rio Jachal. High 
concentrations of boron (3.92 mg/1 B) and sodium (1020 mg/1 Na) were also found in 
the Rio Jachal, which have been associated with the rivers high salinity (Adamo & 
Crews-Meyer, 2006). High levels of salinity have been shown to correlate well with 
high arsenic concentrations (Smedley & Kinniburgh, 2002).
Concentrations of arsenic in domestic tap water supplies from the San José de Jachal 
region of San Juan ranged from 9 -  100 pg/1 As within a pH range of 7.2 -  7.7 (Table
3.1). This range in pH is indicative of conditions that enable the mobility of arsenic 
under both oxidising and reducing environments (Smedley & Kinniburgh, 2002). It is
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thought that in oxidising conditions, the dominant arsenic species in surface waters is 
that of As^, (refer to Figure 1.4) (Impellitteri & Scheckel, 2006). However, SPE 
methodology from this study suggests that As^ ^^  was the prevalent species at the time of 
collection in these San Juan samples (relative abundance: 69 -  100%) (Figures 3.8 & 
3.9). This is potentially due to a greater influence from reductive processes and also, 
with a pH lower than 9.2, the predominant species is likely to be the uncharged As^ 
species HaAsOs  ^(refer to Figure 1.4), aiding desorption of arsenic from metal oxides 
such as Al, Fe and Mn (Smedley & Kinniburgh, 2002). However, redox potentials 
(Eh) for San Juan have reported ranges of 197 -  230 mV (Rawlins et al, 1997), 
suggesting the presence of As^ in the form HAsO:^' (refer to Figure 1.4). This suggests 
that the prevalence of As °^ at the time of sampling was generated within the soil-aquifer 
strata and could essentially be a reUc feature of the surface water environment.
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Figure 3.8: Correlation between inorganic arsenic % spéciation and the pH of the 
waters for San Juan and La Pampa, Argentina.
Concentrations of total arsenic (159 -  331 pg/1 As) in untreated water samples from 
Encon (southern San Juan) which originate from a different water source to the San José 
de Jachal region highlights the potential increase in arsenic concentrations due to 
variation in physical and geochemical conditions. Encon has a different geology to the 
north of the province. The community is predominantly set upon Quaternary 
continental deposits of sand and loess (Lloret & Suvires, 2006; DNGM, 1964). The
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geological composition of the sampling area may suggest similar arsenic concentrations 
to those found in La Pampa (3 -  1326 pg/1 As), due to the environmental development 
of both regions during the Quaternary age (Smedley et al, 2005; Bundschuh et al, 
2004; DNGM, 1964). However, the apparent variation in total arsenic between the two 
regions may be ascribed to differences in the natural environment. Encon displays a 
greater expanse/diversity of vegetation in comparison to La Pampa, which may indicate 
a difference in the geochemistry of the two areas or potentially a greater uptake of 
arsenic by plants in Encon leading to lower total arsenic concentrations.
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Figure 3.9: Correlation between inorganic arsenic % spéciation and the TDS level of the 
waters for San Juan and La Pampa, Argentina.
Arsenic spéciation suggests the presence of the organoarsenical, M A \ in both San Juan 
(< 0.02 -  79 pg/1) and La Pampa (< 0.02 -  59 pg/1), which was measured in up to 97% 
of water samples from both San Juan and La Pampa. Organoarsenicals can arise 
through anthropogenic activity (Cowen et al, 2008; Vaclavikova et al, 2008; 
McSheehy et al, 2003). The community of Encon is principally an arid semi-desert 
rural community with local goat farming being the main agricultural activity. Surface 
and groundwater collected from isolated farm areas have been shown to contain 
methylated arsenicals, such as M A \ due to the use of As-containing herbicides (Kim et 
al, 2007; Bednar et al, 2004; Bednar et al, 2002b) and pesticides (Choong et al, 
2007). However, agrochemicals containing high levels of NO3 and PO4  in waters have
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been shown to enhance/suppress MA^ levels from the SPE methodology utilised in this 
study by as much as 13-21%  (Watts et al, 2010) (Appendix Bl). Previous studies on 
the levels of arsenic in waters have mainly reported only inorganic species (As^  ^ and 
As^), in which As^ was deduced from the subtraction of As^ ^^  from the total arsenic 
level (Sigrist & Beldoménico, 2004; Smedley et al, 2002; Edwards et al, 1998). 
This subtraction method does not account for organoarsenicals and may provide 
apparently elevated concentrations for As^. The use of SPE cartridges that have the 
ability to separate and retain the individual aqueous arsenic species (inorganic and 
organic) in the field affords an opportunity to detect and measure arsenic in 
environmental samples.
The concentrations of organoarsenicals (MA^ and DMA^) in both San Juan and La 
Pampa were greater in groundwater (< 0.02 -  79 pg/1) than surface waters (< 0.02 -  8  
pg/1). This suggests that due to the lack of farming activity around surface water 
sampling locations, little input of organoarsenicals is seen from agrochemical use 
(herbicides and pesticides), therefore the main source of the organoarsenicals must be 
attributed to algae formation. In contrast, high concentrations of organoarsenicals in 
groundwater from Encon (farming community) in San Juan and La Pampa (rural 
farmsteads) may have arisen as a result of anthropogenic input from agrochemical use, 
for example nitrate fertilisers (Tables 3.2 & 3.3). The presence of phosphate 
(potentially from herbicides and pesticides) has been shown to substantially suppress 
arsenic adsorption by soils (Smith et al, 2002). However, arsenic méthylation to MA^ 
and DMA^ may increase arsenic mobility, as these organoarsenicals are less strongly 
adsorbed than inorganic arsenic, leading to highly measurable concentrations (Deutsch, 
1997).
High As™ species concentrations were also measured in the groundwater (aquifer) 
systems within Encon from the community and rural farm well supplies. The difference 
in As™ concentrations between the two water sources may be due to variability in redox 
conditions at different well depths impacting on the geological influence, which would 
require further investigation. The community or urban well was built in 1963 and is in 
continuous use, it is approximately 15 m deep, the rural well however (called the 
Manantial de Cuyo well), was built in the 1950s and is 300 m deep. It is assumed that 
both wells are open for much of their length, as no reported screening processes have
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been undertaken. As there is no significant variation in the pH of both water types, it 
may be considered that a difference in the sedimentation of the aquifer systems or the 
residence time of the groundwater as a consequence of well depths, may influence the 
mobility of the arsenic (Gault et a l, 2005b; Polizzotto et al, 2005; Kinniburgh & 
Kosmus, 2002).
Groundwater arsenic concentrations from the province of La Pampa have been reported 
in the literature to be elevated due to weathering processes/volcanic activity (Smedley 
et al, 2002). These natural processes have subsequently created a soil strata composed 
of Quaternary deposits of loess sedimentation, containing secondary Mn oxide as 
nodules or cements in the soil horizon (Smedley et al, 2005; Smedley et a l, 2002). 
The pH conditions within the province (7.0 -  9.9) demonstrate ideal conditions in which 
arsenic can become mobilised. Elevated concentrations of total arsenic (> 1300 pg/1 
As) have been observed, with the most contribution (7 -  97%) coming from As^ ^^  (Table
3.3 & Figure 3.8). This implies reducing conditions in the aquifer; however, with a high 
probability of mobilisation, the groundwater seems to exhibit both reducing and 
oxidising characteristics, which is demonstrated by the presence of As^ in the region, 
0.09 -  592 pg/1 (< 1 -  82%). Typically the highest concentrations of As™ were reported 
from groundwater aquifer systems in Eduardo Castex (EC), with a range of 5 -  1332 
pg/1 (Table 3.3), demonstrating the potential stability of these arsenic species in the 
environment prior to extraction and use by humans. Since the reporting of data from 
previous studies in Argentina, it has come to light that As™ species in water are unstable 
in the presence of high concentrations of ferric ions (Fe™), causing oxidation of As^ ^^  to 
As^ (Equation 3.1) (Gault et al, 2005a; Gong et al, 2002; Le et al, 2000a). The 
theory is that ferrous ions (Fe^ )^ are oxidised by dissolved oxygen and the Fe™ ions can 
oxidise the arsenite (As™) (Daus et al, 2002). This process can also occur from the 
photolytic reduction of nitrate to nitrite, which has been shown to convert up to 50% of 
the As™ to As^ within 3 hours of collection (Hug et al, 2001; Sharpless & Linden,
2001). Interconversion of arsenic species can also occur due to the precipitation of Al, 
Fe and Mn oxyhydroxides from changes in Eh or pH conditions (Garbarino et al,
2002). The use of opaque polyethylene bottles for water collection is one method to 
eliminate the effect of photochemical oxidation by omitting light exposure (Garbarino 
et al, 2002). This provides a more representative sample, in terms of arsenic species 
composition, in order to verify the SPE method. Local populations that rely solely on
152
As-rich groundwater supplies exhibit symptoms that parallel those of arsenic exposure, 
such as skin lesions and pigmentation changes (Choong et a l, 2007; Bhattacharya et 
al, 2006; Hopenhayn-Rich et al, 1998).
HsAsOs + H2O ^  H2ASO4’ + 3H^ + 2e Equation 3.1
The implementation of a water treatment works in two towns in La Pampa has 
addressed the issue of reducing the arsenic concentrations in raw well water supplies. 
Treatment of the raw water with a series of RO, UV radiation and ozone/chlorination 
processes reduces overall arsenic levels by almost 1 0 0 %, from the initial concentrations 
of 216 pg/1 As (EC) and 224 pg/1 As (LU) to 0.8 pg/1 As and 0.3 pg/1 As, respectively 
(Table 3.5). Reverse osmosis filters containing Fe oxide reduces the mobility of the 
arsenic, adhering it to the surface of the solid packed material. The resultant drinking 
water achieves arsenic concentrations well below the WHO recommended limit of 10 
pg/1 As, and predominantly in the less toxic As^form.
3.6 Conclusions
Water samples collected from San Juan and La Pampa Provinces in Argentina showed 
elevated total dissolved arsenic compared to Rio Negro (control) and natural 
background concentration ranges in uncontaminated water of 1 -  10 pg/1 As (Smedley 
& Kinniburgh, 2002; Williams, 2001). Surface waters exhibited arsenic 
concentrations of 11 -  133 pg/1 As in San Juan with tap, rural well and urban well levels 
in the range 9 -  357 pg/1 As. Arsenic levels in groundwater from La Pampa ranged 
from 39 -  327 pg/1 As in urban wells; 3 -  1326 pg/1 As in rural wells; and 41 -  747 pg/1 
As in domestic untreated tap water supplies. Drinking water concentrations greatly 
exceed the WHO limit of 10 pg/1 As, recommended as a maximum allowable level in 
potable waters (WHO, 1993). Additionally, many surface water samples were shown 
to surpass the FAG irrigational limit of 100 pg/1 As (FAG, 1994). Not only do both 
provinces experience higher arsenic concentrations in the waters compared to typical 
background levels, but the majority of the dissolved arsenic resides as the more toxic 
inorganic species (mean percentage contributions: San Juan, As^ ^^ : 85% and As^: 8 %; 
La Pampa As™: 67% and As^: 31%). However, a high presence of organoarsenicals 
were also found in both provinces. Monomethylarsonic acid (MA^) was seen in the
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range < 0.02 -  79 pg/1 in San Juan and < 0.02 -  59 pg/1 in La Pampa (Tables 3.2 & 3.3). 
The presence of organoarsenicals has rarely been reported in the hterature due to the 
limitations in certain analytical techniques, such as the lack of hydride formation from 
MA^ and DMA^ (Sigrist & Beldoménico, 2004).
Higher concentrations of As™ were apparent in high alkaline and high TDS 
environments, particularly in groundwater (aquifer) systems (Figures 3.8 & 3.9). 
Concentrations of the individual arsenic species in these waters were generally of the 
order:
As™ > As^ > MA^ > DMA^
which also represents the order of arsenic species toxicity (Francesconi & Kuehnelt,
2004). Individual arsenic species concentrations reported in the literature for La Pampa 
have reported higher levels of As^ (Smedley et al, 2005; Smedley et al, 2002), based 
on a subtraction method (As^= Total As -  As™). However, based on the high levels of 
organoarsenicals reported in some samples in this study by SPE methodology, the 
subtraction method may inadvertently provide a more elevated concentration for As^ 
than is actually the case.
The identification of individual arsenic species provides increased understanding of the 
likely toxicity of arsenic in the environment. Total arsenic concentrations in San Juan 
were in good agreement with other literature sources (Caceres et a l, 2005; Williams, 
2001). However, total arsenic reported in La Pampa showed lower maximum 
concentrations than other reported cases (Smedley et al, 2002). Smedley et al, 2002 
reported a maximum of 5300 pg/1 As in groundwater supplies throughout the province, 
compared to a maximum of 1326 pg/1 As seen in this study (Table 3.3). Differences in 
reported concentrations could be based on the geology of the province, the time of 
sampling and the different wells visited. This may also explain the difference in arsenic 
species contribution between the two studies. The Quaternary loess that predominates 
in La Pampa is not uniformly spread throughout the soil strata. Therefore large 
variations in arsenic concentrations can be seen at sampling sites only a few metres 
apart, due to differences in depth and the open-interval of individual wells. However, 
this study primarily focused on a small sampling radius and did not reflect the same 
scale as that undertaken by Smedley et al, 2002. Although sampling was localised to
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the main towns of Eduardo Castex and Ingeniero Luiggi, the study does highlight the 
need for arsenic mitigation strategies to be employed for the wider community allowing 
for greater accessibility to clean drinking water sources.
Arsenic exposure from these water sources is highly achievable via numerous direct 
(drinking) and indirect pathways (crops, meat, washing, cooking). Consequences of 
arsenic exposure to humans are evident when levels surpass 50 pg/1 As (the current 
Argentine drinking water limit) (Bhattachaiya et al, 2006; Frisbie et a l, 2005). 
Health problems observed in the Argentine population are symptomatic of arsenic 
exposure (Steinmaus et al, 2006; Tchounwou et a l, 2003). The most common 
manifestation is from skin disorders (lesions, keratosis, hyperpigmentation), but other 
more chronic conditions have been reported such as cancers (Steinmaus et al, 2006; 
Bates et al, 2004; Farias et al, 2003; Hopenhayn-Rich et al, 1998). Remediation 
and mitigation strategies have been adopted in the provinces. The introduction of water 
treatment works in La Pampa highlighted the significant contribution they provide in 
relieving the arsenic contamination problem, providing the local population with clean 
uncontaminated drinking water. Full-scale known remediation methods for arsenic are 
not viable options in the more rural areas of the provinces due to economic constraints, 
therefore cheaper, more sustainable alternatives are needed to lessen the effects of 
arsenic contamination.
This research consolidates work undertaken by Smedley et al, 2005, 2002 to highlight 
the extent of the arsenic contamination problem in Argentina, with particular emphasis 
on the provinces of San Juan and La Pampa. The SPE method utilised for the 
determination and identification of arsenic species in water samples in this study 
provides a safe, simple and robust field-based technique, allowing for greater specificity 
and accuracy. It allows for a prolonged time period between sampling and analysis due 
to the stable preservation of the arsenic species on the SPE cartridges. The method also 
enables a greater flexibility in the transportation of samples, requiring a minimal 
volume (typically 30 ml) and no addition of chemicals. It provided a method for arsenic 
species identification, to aid the understanding of arsenic exposure through drinking 
water and the need for biomonitoring in the regions due to the possible exposure 
pathways (particularly drinking water).
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Chapter Four
Environmental Analysis -  Arsenic in Soil and
Sediment
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4.0 Summary of Findings
Soil and river sediment samples (dried at 40°C and sieved to < 125 pm) collected from 
the provinces of San Juan and La Pampa in Argentina, were analysed for total and 
species arsenic (As) by inductively coupled plasma mass spectrometry (ICP-MS) as 
well as pH and loss-on-ignition (LOI) for an estimation of organic matter content. Soil 
samples (collected from the top 10 cm surface layer) from San Juan exhibited an arsenic 
range of 5.8 -  34.5 mg/kg As dry weight (d.w.) (mean: 18.9 mg/kg As d.w.) and 4.6 -
24.6 mg/kg As (d.w.) (mean: 8.7 mg/kg As d.w.) in La Pampa soils, compared with a 
world-wide range of 0.4 -  70 mg/kg As (d.w.) and an average baseline concentration of
7.2 mg/kg As (d.w.). Total arsenic in river sediments from San Juan ranged from 6.0 -
32.1 mg/kg (d.w.) (mean: 19.8 mg/kg As d.w.), which is comparable to hterature values 
for river sediments from Bolivia and Mexico. In all cases soil and sediment arsenic 
levels exhibited lower levels than the Dutch integrated Intervention Value of 55 mg/kg 
As (d.w.) for the remediation of arsenic. However, several soils and sediments 
exceeded the Soil Guideline Value (SGV) of 20 mg/kg As (d.w.) for agricultural soils in 
the UK. A comparative study was undertaken in the province of Rio Negro for the 
analysis of river sediment material from the Rio Colorado and Rio Negro, total arsenic 
levels ranged from 3.7 -  6.5 mg/kg As (d.w.). San Juan soils and sediments were 
slightly alkaline over pH ranges of 6.7 -  8 . 8  and 7.6 -  8.4, respectively. Soil samples 
from La Pampa exhibited a slightly wider pH range of 6.5 -  9.1. The estimation of 
organic matter content (LOI) in the soils from San Juan ranged from 0.9 -  2.3% and 0.1 
-  1.6% in the sediments. La Pampa soils had an organic matter range of 2.1 -  12% 
(refer to Table 4.1). Arsenic spéciation performed on soils and/or sediments from San 
Juan and La Pampa resulted in typical recoveries of 40 -  97% of the total digested 
arsenic, with a few cases reporting less than 40% recovery. No organoarsenicals were 
detected in the soils or river sediments, with arsenate (As^) the predominant species in 
San Juan (soil: 2.4 -  29.0; sediment: 2.4 -  23.7 mg/kg d.w.) and La Pampa (soil: l.I -
22.0 mg/kg d.w.). In the majority of soils and sediments, no arsenite (As^ )^ was 
detected. Sequential fractionation of the soils and sediments showed the majority of 
extractable arsenic to be in residual forms, accounting for 34 -  85%. A high proportion 
of extractable arsenic in several San Juan river sediments was bound to Fe and Mn 
oxides ( 6  -  25%), as well as organic matter and sulphides (1 -  18%). In comparison.
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soil samples from Encon in San Juan had only 3 -  9% of the extractable arsenic bound 
to organic matter and sulphides. The distribution of extractable arsenic in soil samples 
from La Pampa ranged from 3 -  50% in the exchangeable fraction; 6  -  28% bound to Fe 
and Mn oxides, and 2 -  19% bound to organic matter and sulphides. A positive 
correlation was established between sediment arsenic (mg/kg As d.w.) and 
corresponding surface water arsenic (pg/1 As) in San Juan, with a Pearson correlation 
coefficient (R) of 0.34 (P < 0.05). Total soil arsenic in La Pampa was also shown to 
correlate with soil pH, with a linear regression of = 0.36 and an i?-value of 0.60 (P = 
0.06).
4.1 Study Sites
Surface soils and river sediments from Argentina were collected from the provinces of 
San Juan and La Pampa, with an additional 7 river sediment samples collected from a 
comparative province, Rio Negro as outlined in Section 3.1. A total of 11 sediment 
samples were collected from the Rio Blanco near Angualasto (ANG); the Rio Jachal 
(RJ) in and around San José de Jachal; the Cuesta del Viento dam (CU) on the Rio 
Jachal; Agua Negra (AN) and the Rio Huaco in Huaco (HU) (refer to Figure 3.1). Four 
garden soils from vegetable plots and agricultural land were taken from the community 
of Encon (EN) (refer to Figure 3.2). A total of 17 soil samples (garden and agricultural) 
in La Pampa were collected from the north of the province in the town of Eduardo 
Castex (refer to Figure 3.3).
4.2 Soil and Sediment Sampling and Analysis
Surface soils and river sediments for total arsenic determination were collected as 
outlined in Section 2.1.2, dried at 40°C for approximately 2 days, disaggregated and 
sieved to < 125 pm. The determination of soil and sediment pH was carried out as 
outlined in Section 2.1.2.1, using a folly calibrated Hanna HI 98129 Digital Combo 
Meter (Hanna Instruments Ltd, Bedfordshire, UK). Loss-on-ignition (LOI) was 
determined for each soil and sediment sample as outlined in Section 2.1.2.5. The 
dissolution of soils and sediments for total arsenic determination by ICP-MS was 
carried out using a mixed acid digestion procedure (refer to Section 2.1.2.2). The
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extraction method for arsenic spéciation in soil and sediment samples is outlined in 
Section 2.1.2.3. Sequential fractionation of the soil and sediment samples was 
undertaken utilising the Standards, Measurements and Testing Programme (formerly 
BCR) of the European Commission BCR modified three-step procedure (refer to 
Section 2.1.2.4).
4.3 Instrumentation
Surface soil and river sediment digests were analysed for trace elemental content using 
an Agilent 7500-CX Series ICP-MS instrument, as stated in Section 2.4. The standard 
operating conditions for the instrument in collision cell mode can be found in Section 
2.4.4, along with optimisation procedures in Sections 2.4.4 & 2.4.8. The extraction of 
arsenic species from soils and sediments was measured by HPLC-ICP-MS (refer to 
Section 2.7). A series of certified reference materials (CRMs) were utilised to validate 
the procedures, NIST CRM 2711 Montana Soil II (National Institute of Standards and 
Technology, Maryland, USA) and GBW 07401 Soil (China National Analysis Centre 
for Iron and Steel, Beijing, China), with results reported in Section 2.8.1.
4.4 Results
4.4.1 Basic Soil and Sediment Properties and Total Arsenic
The pH range of dried and sieved (40°C; <125 pm) surface soils from Encon in San 
Juan ranged from 6.7 -  8.8 (« = 4), in comparison, dried and sieved (40°C; < 125 pm) 
river sediment pH values (« = 11) from the north of the province ranged from 7.3 -  8.4 
(Tables 4.1 & 4.2). A slightly higher degree of organic matter (estimated through 
%LOI values) was seen in the garden and agricultural soils of Encon compared to the 
river sediments collected from the Rio Blanco, Rio Jachal and Rio Huaco systems in 
San Juan, with LOI ranges of 0.9 -  2.3% and 0.1 -  1.6%, respectively (Tables 4.1 & 
4.2). High total arsenic concentrations were seen in the soils and sediments in San Juan 
{n = 15), with a range of 5.8 -  34.5 mg/kg As (d.w.) (mean: 18.7; median: 19.3 mg/kg 
As d.w.) (Figure 4.1). However, total arsenic concentrations for both San Juan soils 
(range: 6.0 -  32.1; mean: 19.8; median: 19.4 mg/kg As d.w.) and sediments (range: 5.8
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-  34.5; mean; 18.7; median: 17.6 mg/kg As d.w.) were comparable (Figure 4.1). The 
highest total arsenic concentration in sediments was seen along the Rio Jachal (RJ6) and 
Rio Huaco (HUl) with levels of 32.1 mg/kg As (d.w.) (Table 4.2).
Soil pH values in La Pampa were seen over a range of 6.5 -  9.1 (Table 4.1). The 
organic matter content (%) in the La Pampa soils was notably higher than in San Juan, 
with an LOI range of 2.1 -  12% (Table 4.1). The concentration of total arsenic from the 
loess soil samples in La Pampa {n= 17) ranged from 4.6 -  24.6 mg/kg As (d.w.) (mean: 
7.4; median: 8.4 mg/kg As d.w.) (Figure 4.1). The comparison site of Rio Negro {n = 7) 
exhibited an arsenic concentration range of 3.7 -  6.5 mg/kg As (d.w.) (mean: 4.4; 
median: 4.9 mg/kg As d.w.) (Figure 4.1) a pH range of 5.7 -  7.6 and an LOI range of 
0.4 -  4.7% for sediments collected from the Rio Colorado and Rio Negro (Table 4.2).
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Figure 4.1: Arsenic concentration in soils and sediments (dried at 40®C and sieved to < 
125 pm) from San Juan, La Pampa and Rio Negro, Argentina.
4.4.2 Arsenic Species in Soil and Sediment
No organoarsenicals (MA^ and DMA^) were detected in any of the soil or sediment 
extracts (see Section 2.1.2.3 for the extraction procedure) due to dilution requirements.
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which would have reduced the sensitivity and lowered the signal-to-noise ratio causing 
a potential overlap on the MA^ and DMA^ peaks. In all cases, As^ was detected, with 
As™ seen in 33% of the samples analysed (Tables 4.1 & 4.2). The greatest proportion 
of total arsenic was seen as As^ in all study areas (Tables 4.1 & 4.2). As™ and As^ 
concentrations ranged from 0.1 -  2.3 mg/kg (d.w.) (mean: 0.8; median: 0.4 mg/kg d.w.) 
and 2.4 -  29.0 mg/kg (d.w.) (mean: 12.0; median: 11.5 mg/kg d.w.) in San Juan, 
respectively (Tables 4.1 & 4.2). Comparability was seen between As^ levels in both 
San Juan soils (range: 2.4 -  23.7; mean: 11.3; median: 0.4 mg/kg d.w.) and sediments 
(range: 2.4 -  29.0; mean: 13.8; median: 11.9 mg/kg d.w.). The highest As?° level 
reported in San Juan was seen in sediment sample RJ6 along the Rio Jachal (2.3 mg/kg 
d.w.) and the highest As^ concentration was observed in garden soil sample EN3 (29.0 
mg/kg d.w.). Sediment RJ6 was collected from a divergence point along the course of 
the river system. Site EN3 was a shaded front garden plot in the centre of Encon 
consisting predominantly of dried grass. Inorganic arsenic levels in La Pampa ranged 
from 0.1 -  0.4 mg/kg (d.w.) (mean: 0.2; median: 0.1 mg/kg d.w.) for As™ and 1.1 -  22.0 
mg/kg (d.w.) (mean: 5.2; median: 3.4 mg/kg d.w.) for As^ (Table 4.1). The highest 
As™ and As^ concentrations in garden soils in La Pampa were at EC41 (0.4 mg/kg d.w.) 
and EC49 (22.0 mg/kg d.w.), respectively. Both sites (EC41 and EC49) had surface 
soils collected from the vicinity of a groundwater storage tank, which were both 
surrounded by grassed areas. Only one river sediment in the comparative province of 
Rio Negro (RC6) showed a detectable level of As^ ^^  with 0.02 mg/kg (d.w.). Levels of 
As^ in Rio Negro sediments ranged from 1.4 -  3.3 mg/kg (d.w.) (mean: 2.2; median: 
1.9 mg/kg d.w.) (Table 4.2). The typical percentage recoverable arsenic from the soil 
and sediment samples ranged from 40 -  97% (ratio of the total extracted arsenic versus 
the total digested arsenic).
4.4.3 Arsenic Fractionation
Sequential fraction 1 (ammonium sulphate extractable) can be used to assess potential 
arsenic levels in soil and sediment solutions (Wenzel et aL, 2001). Fractions 2 to 4 
provide information relating to potentially labile arsenic from different solid phases due 
to soil and sediment remediation or alteration (pH, redox) and changing environmental 
factors (Krysiak & Karczewska, 2007). Arsenic recoveries by the BCR sequential 
fractionation procedure for dried and sieved (40°C; < 125 pm) surface soils and river
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sediments ranged from 62 -  136% (ratio of the sum of extractable arsenic versus total 
acid extractable arsenic) (refer to Appendix D2 for full results). In the majority of 
samples (both soils and sediments) the highest extractable arsenic (%) was seen in 
fraction 4 (residual), accounting for 34 -  85% of the total arsenic (Figures 4.2 & 4.3). 
Soil samples from the community of Encon in San Juan had extractable arsenic 
fractions ranging from 8 -  28% of the total arsenic in fraction 1 (exchangeable); 16 -  
27% in fraction 2 (bound to Fe and Mn oxides); 3 -  9% in fraction 3 (bound to organic 
matter and sulphides) and 37 -  67% in fraction 4 (Figure 4.2). In comparison, 
sediments from San Juan were found to have 3 -  9% total extractable arsenic in fraction 
1; 6 -  25% in fraction 2; 1 -  18% in fraction 3 and 62 -  85% in fraction 4 (Figure 4.3). 
The distribution of extractable arsenic in soils from La Pampa ranged from 3 -  50% in 
fraction 1; 6 -  28% in fraction 2; 2 -  19% in fraction 3 and 34 -  80% in fraction 4 
(Figure 4.2). A noticeable difference was observed in the percentage of extractable 
arsenic in fraction 1 (exchangeable) at sampling site EC53 (50%) compared to other 
soils collected from the same area (7 -  24%). Soil collected at EC53 was directly below 
an outside tap, which has a reported water concentration of 640 pg/1 As (refer to Section
3.4.2 & Appendix Dl). The high level of exchangeable arsenic at site EC53, may be a 
result of water dripping from the tap, saturating the surrounding soil and increasing the 
level of soluble arsenic. The highest extractable arsenic contribution bound to organic 
matter and sulphides was observed at site EC48 (19%) from soil collected adjacent to a 
groundwater storage tank (Figure 4.2). The water is stored in an open circular concrete 
stmcture, which is approximately 6 m in diameter. Visible evidence of microbial 
growth on the surface of the exposed water may have leaked from the storage tank onto 
the soil surface below, potentially accounting for high levels of arsenic associated with 
organic matter.
The comparative province of Rio Negro exhibited extractable arsenic contributions of 1 
-  21% of the total river sediment arsenic in fraction 1; 7 -  27% in fraction 2; 4 -  12% in 
fraction 3 and 42 -  80% in fraction 4 (Figure 4.3). Percentage extractable arsenic in Rio 
Negro sediments was comparable to levels observed in sediments collected from San 
Juan (Figure 4.3). However, total extractable arsenic levels (sum of the fractions) were 
significantly lower in Rio Negro (2.8 -  7.3 mg/kg As d.w.) compared to San Juan (4.4 -
33.3 mg/kg As d.w.), which also exhibits lower surface water arsenic levels of 5.7 -  16 
pg/1 As (Table 4.2).
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Key: FI = exchangeable fraction F2 = Fe and Mn oxide fraction
F3 = organic matter and sulphides fraction F4 = residual fraction
Figure 4.2: Extractable arsenic (%) from surface soil samples in San Juan and La 
Pampa, Argentina (see Appendix D2 for the complete results).
!
S '
f
100
90
80 4 
70
60 □ F4 
0F3 
BF2 
■ FI
Key;
San Juan
FI = exchangeable fraction
F3 = organic matter and sulphides fraction
Rio Negro
F2 = Fe and Mn oxide fraction 
F4 = residual fraction
Figure 4.3: Extractable arsenic (%) from river sediment samples in San Juan and Rio 
Negro, Argentina (see Appendix D2 for complete results).
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4.5 Discussion
Surface soils (dried and sieved) from Encon in San Juan and Eduardo Castex in La 
Pampa 'were principally collected from private residential gardens and agricultural 
farming land. Total arsenic levels ranged from 5.8 -  34.5 mg/kg As (d.w.) in Encon, 
with a mean concentration of 18.9 mg/kg As (d.w.) (Table 4.1), significantly higher than 
a world-wide background level of 7.2 mg/kg As (d.w.) (Patinha et al, 2004). Levels of 
total soil arsenic are slightly higher than those seen in river sediments from San Juan. 
The highest level of soil arsenic in Encon (EN3: 34.5 mg/kg As d.w.) was also seen at 
the site of highest reported groundwater arsenic (357 gg/1 As), reported in Section 3.4.2.
The soils from Eduardo Castex were mainly seen to exhibit the highest total arsenic 
levels in the vicinity of water storage tanks. Sampling sites EC41, EC48, EC49, EC56 
and EC60 were all sampled within close proximity to groundwater storage tanks. 
Elevated levels of arsenic at these sites may have been influenced by water leaking from 
the tanks, providing a localised elevation in soil arsenic, as previously reported for 
iodine (Watts et al, 2009). This suggests the potential for mobile arsenic leaching into 
the aquifer system from the surrounding soil strata (Zahid et al, 2008). A low level of 
organic matter in the Encon soils (LOI range: 0.9 -  2.3%) may suggest a lack of 
agrochemical use or microbial activity. The general environment of Encon is 
predominantly semi-arid with very few trees or vegetation, resulting in a lack of input 
from organic humic sources. The pH range of the Encon soils (6.7 -  8.8) suggests a 
semi-acidic/alkaline environment. The community is predominantly set upon 
Quaternary continental deposits of sand and loess (Lloret & Suvires, 2006; DNGM, 
1964). The permeability of the loess sand in Argentina is very high, but does vary 
laterally and with depth (Francisca & Carro Perez, 2009; Smedley et al, 2005; 
Smedley et al, 2002). This will cause a change in the groundwater chemistry and the 
potential for pockets of elevated arsenic in groundwater and soil to form. Arsenate 
(As^) was the only detectable species in the Encon soils, which exhibited arsenic 
species recoveries of 41 -  84% of the total digested arsenic (Table 4.1).
In contrast to the sediments from San Juan, extractable arsenic in Encon soil had a 
notable proportion bound to the exchangeable fraction (8 -  28%) and bound to Fe and 
Mn oxides (16 -  27%), little extractable arsenic was seen bound to organic matter (3 -
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9%) (Figure 4.2). A high level of AI2O3 (853 mg/kg d.w.) and FeiOg (452 mg/kg d.w.) 
was seen at EN3, which may account for the high soil arsenic level (34.5 mg/kg As 
d.w.), preventing arsenic mobilisation by adsorption to the oxide surfaces.
Soils from Eduardo Castex in La Pampa are composed of Quaternary loessical deposits 
made up of very fine sand, silt and clay particles. These deposits primarily originate 
from volcanic activity of the Andean Cordillera, which were exported by west-south- 
west prevailing winds and transported by aeolian action (Francisca, 2007; del C. 
Blanco et al, 2006). The loess material contains significant volcanic glass fractions, 
which is able to leach high concentrations of arsenic (Francisca & Carro Perez, 2009; 
Smedley et al, 2005; Farias et a l, 2003; Nicolli et al, 1989). Soils from La Pampa 
had total arsenic in the range 4.6 -  24.6 mg/kg As (d.w.), with an average concentration 
of 8.7 mg/kg As (d.w.) (Figure 4.1), this is in good agreement with a world-wide range 
of 0.4 -  70 mg/kg As (d.w.) and in close proximity to a typical world-wide baseline 
value of 7.2 mg/kg As (d.w.) (Patinha et al, 2004). However, baseline arsenic values 
are very generalised due to vast geological variability through the world (Mandai & 
Suzuki, 2002). Total arsenic levels in the loess soils of La Pampa are in good 
agreement with other reported studies, Smedley et al, 2005 reported a concentration 
range of 3 -  18 mg/kg As (d.w.) (mean: 8  mg/kg As d.w.) in 45 sieved (< 2 pm) and 
dried loess samples. Elevated levels of total arsenic in soils from areas of former 
mining activity have been reported by Krysiak & Karczewska, 2007 in Poland in the 
range 100 -  43,500 mg/kg As and by Baroni et a l, 2004 in Italy over a range 5.3 -  
2,035 mg/kg As (d.w.). At sites EC41 and EC42, which had previously reported 
groundwater arsenic levels in the range 1063 -  1117 pg/1 As (reported in Section 3.4.2 
& Appendix Dl), had soil arsenic levels ranging from 7.4 -  8.7 mg/kg As (d.w.) (Table
4.1). High levels of AI2O3 were seen in the soil at both sites, suggesting adsorption onto 
the A1 oxide, reducing arsenic mobility. However, as high levels of arsenic were not 
observed in either soil sample, it suggests that the extracted arsenic was not bound to 
metal oxides possibly due to physicochemical conditions or the soils were highly 
leachable allowing the mobile arsenic to readily enter the groundwater aquifer system.
The predominant arsenic species in the Eduardo Castex soil extracts (refer to Section 
2.1.2.3) was As^ (1.1 -  22.0 mg/kg d.w.) over a pH range of 6.5 -  9.1 and an LOI 
organic matter content of 2 . 1  -  1 2 %, which would exist in the As^ forms H2ASO4 ' and
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HAs0 4 '^ (Sadiq, 1997). Recoverable arsenic levels typically ranged from 40 -  97% of 
the total arsenic. Higher levels of arsenic associated wdth organic matter were seen in 
the Eduardo Castex soils compared to Encon, this might indicate a greater use of 
agrochemicals (fertilisers, herbicides and manure) on the garden plots and other 
agricultural land, increasing the potential for As-binding to the organic matter. The 
agricultural farming activities in Eduardo Castex utihse surface irrigation either through 
flooding or the use of large mechanical booms (spray irrigation). These practices would 
enable the pumped As-rich groundwater that is dispersed over the agricultural land to 
saturate the surface soils, increasing the levels of potentially available arsenic bound to 
organic material. The presence of vegetation and high organic matter (for example, cow 
manure) content may enhance microbial activity, which has been shown to alter arsenic 
species (Turpeinin et al, 1999). This may account for the low levels of As^ ^^  (0.12 -  
0.44 mg/kg d.w.) in the organic-rich soils, due to oxidation of As°^  to As^.
Sequential fractionation of the Eduardo Castex soils indicated the highest contributions 
of arsenic were in the order: residual > exchangeable > bound to Fe and Mn oxides > 
bound to organic matter and sulphides (Figure 4.2). The highest level of extractable 
arsenic in Eduardo Castex was seen in the residual form, resulting from the formation of 
volcanic ash layers incorporated into the loessical material from past regional volcanic 
activity. The highest estimated organic matter content (%LOI) was found at site EC52, 
this site also reported the lowest extractable level of arsenic bound to organic matter and 
sulphides (2%). Sampling site EC52 is a farm vegetable plot (primarily for onions, 
carrots and herbs) that is irrigated with groundwater and which has an arsenic level of 
727 pg/1 As (refer to Table 4.1). Therefore the presence of vegetation and microbial 
activity may be a controlling factor in limiting As-binding, particularly land (for 
example a garden plot) that is regularly dug and supplied with fertile material, such as 
manure.
River sediment collected from the Rio Blanco in Angualasto (ANG3) had an arsenic 
concentration of 29.6 mg/kg As (d.w.) (Table 4.2). Extensive base metal and gold 
mining activity located upstream from Angualasto near the foothills of the Andes has 
been reported, which may account for potential anthropogenic input of arsenic 
(O’Reilly et al, 2010; Wang & Mulligan, 2006; Rawlins et al, 1997). A decrease in 
sediment arsenic was seen around the Cuesta del Viento dam (CUl) (19.1 mg/kg As
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d.w.), compared to site ANG3 (the Rio Blanco which feeds into the CUl dam). This is 
in contrast to surface water arsenic concentrations reported in Section 3.4.2, which 
showed a slight rise in aqueous arsenic levels from ANG3 to CUl. A higher 
concentration of AI2 O3 (923 mg/kg d.w.) at CUl compared to ANG3 (588 mg/kg d.w.), 
may have reduced the mobility of the arsenic due to adsorption onto the A1 oxide 
(Krysiak & Karczewska, 2007). In general, higher levels of arsenic have been 
reported in reservoir environments, which appear to act as a sink for arsenic (Gutierrez 
et al, 2009). Levels of total arsenic in sediments taken along the Rio Jachal (RJ) in San 
Juan were typically shown to increase with decreasing elevation (Table 4.2), which is in 
agreement with previously reported values (Hill, 2009). The Rio Jachal is fed by the 
Rio Blanco river system, higher levels of sediment arsenic may occur at lower 
elevations due to a cumulative effect from the fluvial deposition of extracted mine waste 
material (Miller et a l, 2004). Transportation of the As-bearing mine waste deposits 
may be assisted through seasonal snowmelt from the Andes, through tributaries, wind 
dispersion or leaching (Nikolaidis et a l, 2004; Razo et al, 2004).
The levels of arsenic in sediment extracts from the Rio Huaco were seen to substantially 
decrease with decreasing elevation, in contrast to the Rio Jachal (Table 4.2). The lack 
of evidence to support the input of arsenic from mining or volcanic activity around the 
Andes may account for lower arsenic levels in the deposited sediment further 
downstream the Rio Huaco system (Jenchen & Rosenfeld, 2002), this is also supported 
by a decrease in reported surface water arsenic levels (Table 4.2). The high arsenic 
concentration at HUl (32.1 mg/kg As d.w.) may suggest a localised accumulation of 
immobile arsenic due to influence from the Tertiary continental marine geology 
(O’Reilly et at., 2010). The concentration of Mn2 0 3  in the sediments ranged from 15 -  
564 mg/kg (d.w.) (mean: 149; median: 112 mg/kg d.w.) (Table 4.2). Manganese 
concentrations in soils and sediments are very variable and are principally controlled by 
physicochemical soil characteristics (pH, redox potential) that govern the oxidation of 
the metal (Heredia & Cirelli, 2009; Adriano, 2001). In the majority of cases (with the 
exception of HU3), river sediment total arsenic concentrations were higher than baseline 
values obtained from the comparative province of Rio Negro, which exhibited a range 
of 3.7 -  6.5 mg/kg As (d.w.) (Figure 4.1), 5-fold lower than both RJ6 and HUl (Table
4.2). A positive relationship is seen in San Juan between river sediment arsenic (mg/kg 
As d.w.) and corresponding reported surface water arsenic (pg/1 As) (reported in Section
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3.4.2 & Appendix Dl), with a Pearson correlation coefficient (R) of 0.34 (P < 0.05). 
This relationship is dependent on numerous factors such as pH, redox potential and 
bedrock composition (Smedley & Kinniburgh, 2002; Pantsar-KaUio & Manninen, 
1997b).
The river sediments from San Juan are alkaline in nature, with very little organic matter 
present. The alkaline sediment environment (pH 7.6 -  8.4) of San Juan and the lack of 
detectable As^ species (0.12 -  2.28 mg/kg d.w.) in many of the sediments is suggestive 
of an oxidising environment, predominated by As^ in the form HAsO/‘ (Sadiq, 1997). 
Recoverable arsenic (sum of species) typically ranged from 40 -  97% (Table 4.2). The 
majority of extractable arsenic determined by sequential fractionation, was seen mainly 
in residual forms (62 -  85%), a notable proportion of extracted arsenic (9 -  25%) was 
bound to Fe and Mn oxides (fraction 2), particularly at site HUl (Figure 4.3). A high 
concentration of Fe2 0 3  (932 mg/kg d.w.) was seen at HUl (Table 4.2), which may 
account for the high arsenic level (32.1 mg/kg As d.w.) upstream and the lack of arsenic 
frirther downstream, due to the high adsorption capacity of Fe rendering the arsenic 
immobile.
The pH and LOI data for the comparative province of Rio Negro shows slightly less 
alkalinity (pH: 5.7 -  7.6) and slightly more organic rich sediments (LOI: 0.4 -  4.7%) 
compared to San Juan. The levels of As^ species range from 1.4 -  3.3 mg/kg (d.w.), 
which in a pH range of 5.7 -  7.6, would primarily be present as H2ASO4 ' and HAs0 4 '^ 
(Sadiq, 1997). Sequential fractionation data shows the majority of extractable arsenic 
in residual forms (42 -  85%), however, a high proportion was also apparent bound to 
organic matter (1 -  18%) (fraction 3), which is supported by higher LOI levels than was 
observed in San Juan (LOI: 0.4 -  4.7%) (Figure 4.3). A high percentage of extractable 
arsenic (7 -  27%) was also bound to Fe and Mn oxides (fraction 2), levels of Fe2 0 3  and 
MU2O3 in Rio Negro ranged from 342 -  1140 mg/kg (d.w.) (mean: 655; median: 564 
mg/kg d.w.) and 44 -  128 mg/kg (d.w.) (mean: 91.6; median: 103 mg/kg d.w.), 
respectively. No significant relationships were established between river sediment 
arsenic and either sediment pH or LOI (P < 0.05).
Levels of total arsenic in sediments from San Juan are comparable to dried and sieved 
(53 -  74 pm) sedimentation analysis of the Rio Conchos and Rio San Pedro in Mexico
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(range; 5.7-33 mg/kg As d.w.) (Gutierrez et aL, 2009) and dried and sieved (< 2 mm) 
sediments sampled from the Rio Pilcomayo basin in Bolivia (range: < 2 - 2 9  mg/kg As) 
(Miller et al, 2004). However, lower levels have been reported in coastal aquifer 
systems in Austraha (range: 4.0 -  9.3 mg/kg As d.w.), in which sediments were oven- 
dried and sieved (< 63 pm) prior to analysis (O’Shea et al, 2007). Higher 
concentrations of arsenic in river sediment have been seen at sites affected by mine 
tailings. In San Luis Potosi, Mexico, arsenic levels in the range 29 -  28,600 mg/kg As 
(d.w.) have been reported in oven-dried and sieved (< 600 pm) sediments from an area 
of historical and recent mining activity (Razo et a l, 2004).
4.6 Conclusions
Levels of total arsenic in the majority of sieved and dried surface soils (mean: 10.6; 
range: 4.6 -  34.5 mg/kg As d.w.) and river sediments (mean: 19.8; range: 6.0 -  32.1 
mg/kg As d.w.) from San Juan and La Pampa were found to be elevated above a typical 
world-wide baseline concentration of 7.2 mg/kg As (d.w.) (Patinha et al, 2004). 
However levels were comparable to a reported world-wide range of 0.4 -  70 mg/kg As 
(d.w.) (Ward, 2000). In some cases soil and sediment arsenic levels were shown to be 
above the Soil Guideline Value (SGV) of 20 mg/kg As (d.w.) for agricultural soils in 
the UK, which utilises the Contaminated Land Exposure Assessment (CLEA) model 
(DEFRA, 2002). However, in all cases soil and sediment arsenic values were below the 
current Dutch integrated Intervention Value of 55 mg/kg As (d.w.) for the remediation 
of arsenic (RIVM, 1994).
Total arsenic levels in river sediments from San Juan were also elevated in comparison 
to similar samples taken from the Rio Colorado and Rio Negro (the two principal river 
systems in northern Patagonia which run from the Andes to the Atlantic) in Rio Negro 
Province. The natural level of arsenic in sediments is typically less than 10 mg/kg As 
(d.w.) (Mandai & Suzuki, 2002), in the majority of cases, levels of sediment arsenic in 
San Juan exceeded this value. Levels of total arsenic in sediments from the Rio Jachal 
(12.4 -  32.1 mg/kg As d.w.), were typically shown to increase with decreasing 
elevation, potentially due to fluvial deposition of mine waste material from the vicinity 
of the Andes (Miller et al, 2004). The hydrological dynamics of the river system may
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also account for arsenic variability. Site RJ3 along the Rio Jachal, which reported the 
lowest arsenic level along the river system (12.4 mg/kg As d.w.), was sampled on the 
outer edge of a meander at the point of maximum water flow rate. Therefore, the 
increased speed of the surface water and the potential for erosion and subsequent 
sediment transportation may have contributed to a decline in arsenic levels, due to a 
lack of As-rich sediment. Transportation of the As-bearing mine waste may be initiated 
through seasonal snowmelt from the Andes leading to large-scale flooding and 
dispersion of sediment material, through tributaries, wind dispersion or leaching 
(Nikolaidis et aL, 2004; Razo et al, 2004). Soils and sediments from San Juan and La 
Pampa were shown to be comparative with other reported studies from other areas of 
the world (Gutierrez et al, 2009; Smedley et ai, 2005). Higher levels of arsenic in 
surface soils have been reported from areas in close proximity to mining activity 
(Krysiak & Karczewska, 2007; Baroni et al, 2004) and in many Asian countries from 
the use of contaminated irrigation water (Dahal et a l, 2008; Roychowdhury et al,
2005). A positive correlation was exhibited between sediment arsenic (mg/kg As d.w.) 
and reported surface water arsenic (refer to Section 3.4.2 & Appendix Dl) (pg/1 As) in 
San Juan, with a Pearson correlation coefficient P-value of 0.34 (P < 0.05).
The pH range of the surface soils and river sediments were typically alkaline, a greater 
organic matter content was seen in the La Pampa soils (LOI: 2.1 -  12%) compared to 
San Juan soils (0.9 -  2.3%) and sediments (0.1 -  1.6%). This may be due to a greater 
input from pasture and agricultural grazing (the main farming activities are cattle and 
sheep grazing and food production -  maize, soya beans, potatoes and cereal crops) and 
associated agrochemical use. Such farmlands have excessive cattle and sheep manure 
deposits and associated microbial activity. The loess composition of La Pampa 
comprises high levels of volcanic glass fractions, a feature of past volcanic activity 
along the Argentine-Chilean border (Zarate & Fasano, 1989), which has a capacity to 
leach high levels of arsenic (Smedley et a l, 2002). The majority of recoverable arsenic 
from soils and sediments was composed predominantly of As^ (typically in the form 
H2ASO4 ' and HAs0 4 '^), which has been shown to be the most common arsenic species 
in soil solutions, due to its affinity for oxygen (Sadiq, 1997).
Extractable levels of arsenic were in the majority of cases (34 -  85%) primarily found in 
residual forms. A notable proportion of arsenic was also bound to organic matter and
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sulphides (1 -  19%). Arsenic bound to Fe and Mn oxides also accounted for a high 
proportion of extractable levels (6 -  28%). Both Fe and Mn oxides aid arsenic 
adsorption, creating potentially highly elevated arsenic levels as a result. This supports 
the findings of other studies on the complexation of arsenic species with Fe and Mn 
(Kiysiak & Karczewska, 2007; Nikolaidis et al, 2004). Total soil arsenic in La 
Pampa was also shown to correlate with soil pH, with a linear regression of = 0.36 
and an R-value of 0.60 {P = 0.06). Higher levels of arsenic were observed in surface 
soils from La Pampa in close proximity to groundwater storage tanks, suggesting the 
possibility of water leaking from the tanks creating areas of localised arsenic 
accumulation. Furthermore, in La Pampa the main agricultural activity requires 
extensive surface irrigation, which is undertaken by flooding or the use of large 
mechanical booms (spray irrigation). This results in surface soils being saturated with 
As-rich groundwaters (refer to Section 3.4.2 & Appendix Dl for arsenic water data in 
Eduardo Castex) as the well water is pumped and dispersed over the agricultural land.
The main concern from high levels of arsenic in surface soils and sediments on 
agricultural food quality production and a human or animal health basis is the 
subsequent accumulation in foodstuffs (vegetables and plants) by root uptake (Huang et 
al, 2006; Caussy, 2003) and the potential ingestion risk to animals and children. 
Lavado et al, 2004 reported on the levels of potential toxic elements, such as arsenic in 
agricultural Pampean soils at similar values to those reported in unpolluted soils in other 
parts of the world. However, levels of total arsenic in soils and sediments are not a true 
representation of the level of potential exposure (bioavailable arsenic) to humans or 
animals. The bioavailability of arsenic from soils is considered a lower concern than 
that from water, due to the numerous influential factors, such as the water-solubility of 
arsenic compounds found in soil, pH, presence of oxides, microbial input (Caussy,
2003). This study has provided a snapshot of the arsenic levels in surface soils and river 
sediments in San Juan and La Pampa, for which there is relatively little other published 
literature. However, this pilot study does provide sufficiently interesting data to support 
future studies on the environmental pathway of arsenic (total and species), the 
physiochemical and biologicaPmicrobial factors influencing mobility, bioavailability 
and potential accumulation and toxicity through the soil compartments and into plants 
{via the soil-root pore water interface).
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Chapter Five
Human Exposure Analysis -  Arsenic in Scalp
Hair and Urine
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5.0 Summaiy of Findings
This study addresses the potential implications on two populations exposed to naturally 
high levels of arsenic (As) in groundwater (drinking water source) in Argentina, namely 
from the provinces of San Juan (community of Encon) and La Pampa (towns of 
Eduardo Castex and Ingeniero Luiggi). A control population was sampled from the 
province of Rio Negro (town of General Roca) where naturally low levels of arsenic 
have been found in surface and groundwaters (as reported in Section 3.2.4). Human 
scalp hair, urine and drinking water samples were collected from individuals in the 
study areas for the determination of total and species arsenic (according to details in 
Section 2.1), along with demographic information provided from questionnaires. Total 
arsenic levels in washed scalp hair ranged from 0.01-10.1 mg/kg As dry weight (d.w.) 
{n = 83) for the natural As-rich groundwater populations and 0.01 -  1.77 mg/kg As 
(d.w.) {n = 30) for the control province of Rio Negro. A mild leaching procedure was 
applied to the washed scalp hair samples for the determination of arsenic species, in 
which arsenite (As™) and arsenate (As^) were detected. As™ levels ranged from 0.14 -  
0.82 mg/kg (d.w.) {n = 35) in the natural As-rich groundwater regions, with the highest 
levels seen in San Juan, conversely As^ levels ranged from 0.1-3.43 mg/kg (d.w.) {n = 
35) with the highest reported concentrations seen in La Pampa. The concentration of 
inorganic arsenic in washed scalp hair from Rio Negro (n = 5) was undetectable by this 
method (< 0.01 mg/kg d.w.). Literature values for the typical natural concentration of 
total arsenic in human scalp hair ranges from 0.08 -  0.25 mg/kg As, above 1 mg/kg As 
is an indication of arsenic toxicity. Total urinary arsenic analysis by ICP-MS reported a 
range of 3 -  334 pg As/g creatinine for La Pampa (n = 34) (Eduardo Castex: 3 -112;  
Ingeniero Luiggi: 27 -  334 pg As/g creatinine) and 11 -  25 pg As/g creatinine for 
General Roca in Rio Negro (n = 5). The mean composition of arsenic species in the La 
Pampa urine samples were of the order: dimethylarsinic acid (DMA^) > 
monomethylarsonic acid (MA^) > As^ > As™ > arsenobetaine (AB) and subsequently 
for the control province of Rio Negro the order was: DMA^ > MA^ > As™ > As^ > AB. 
Total arsenic concentrations in drinking water samples {n = 68) from study individuals 
ranged from 3 -  637 pg/1 As, 21 -  303 pg/1 As and 1.5 -  4.6 pg/1 As for San Juan, La 
Pampa and Rio Negro, respectively (refer to Tables 5.5 & 5.6). A significant linear 
positive correlation was established between total arsenic in washed scalp hair and urine 
(R  ^= 0.40; Pearson correlation coefficient, R = 0.63; P < 0.05). A positively correlated
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relationship was also seen between the washed scalp hair and drinking water arsenic 
concentrations (R  ^ = 0.26; R = 0.51, P < 0.01). A less significant correlation was 
established between the arsenic levels in the urine samples and drinking water (R^  = 
0.04; R = 0.20; P < 0.05). The correlation between scalp hair and elevated drinking 
water arsenic concentrations seen in the Argentinean populations suggests the possible 
effective use of scalp hair as a biomarker for arsenic exposure.
5.1 Protocol (or Study Groups)
Residents from Encon (EN) [32°12’0S, 67°47’0W] in San Juan and Eduardo Castex 
(EC) [35°53’60S, 64°17’60W] and Ingeniero Luiggi (LU) [35°25’0S, 64°28’60W] in La 
Pampa were recruited for the group exposed to As-rich groundwater (drinking water) 
supplies. Residents from General Roca (GR) [39°02’S, 67°35’W] in Rio Negro, 
exposed to natural (low) arsenic in groundwater were recruited as the control group. 
The total number of scalp hair samples was 113 [14 EN; 43 EC; 26 LU and 30 GR] and 
39 urine samples [28 EC; 6 LU and 5 GR]. Paired samples (hair-water and urine-water) 
were used to assess the implication of consuming As-rich drinking water. In this case, 
there were 68 scalp hair/water samples [14 San Juan, 30 La Pampa and 24 Rio Negro] 
and 17 urine/water samples [12 La Pampa and 5 Rio Negro].
5.2 Scalp Hair and Urine Sampling and Analysis
Human scalp hair samples for total arsenic determination by ICP-MS were collected 
and washed as outlined in Section 2.1.3. Microwave digestion was performed on the 
washed scalp hair samples as stated in Section 2.1.3.1. Arsenic spéciation methodology 
was undertaken using a water-based extraction procedure, as stated in Section 2.1.3.2. 
Human urine samples (mid-stream) were also collected for this study (refer to Section 
2.1.4), for which creatinine measurements were also taken (refer to Section 2.1.4.1).
5.3 Instrumentation
Total arsenic determination in washed scalp hair and human urine samples was 
undertaken using ICP-MS in collision cell mode (refer to Section 2.4.1.7), operating 
conditions and optimisation procedures are outlined in Sections 2.4.4 & 2.4.8. Arsenic 
spéciation in washed scalp hair and human urine samples was performed by HPLC-ICP- 
MS, as stated in Section 2.7. Creatinine determination in human urine samples was
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undertaken using UV/Vis spectroscopy (refer to Section 2.6). Human hair certified 
reference materials NIES CRM No. 13 (National Institute for Environmental Studies, 
NIES, Ibaraki, Japan), NCS ZC 81002b and GBW 07601 (China National Analysis 
Centre for Iron and Steel, Beijing, China) were utilised for the scalp hair study. NIES 
CRM No. 18 Human Urine was used for the urine study.
5.4 Statistical Methods of Analysis
Descriptive data analysis was performed based on calculations of central tendency 
(arithmetic mean/range/median). Since the arsenic concentrations (total and species) of 
the washed scalp hair and urine samples were not normally distributed (refer to 
Appendix D3), non-parametric statistical calculations were undertaken. The F-test and 
Student’s t test (Miller & Miller, 2005) were used to assess the significance of the 
variations in washed scalp hair and urine arsenic concentrations between genders, age 
ranges, residence time and smokers vs. non-smokers. Linear regression (R )^, the 
Pearson product moment correlation (R) and Spearman’s rank correlation (r^ ) (Miller & 
Miller, 2005) were performed to evaluate associations between variables (washed scalp 
hair/urine/drinking water). The Mann-Whitney U test and the Kruskal-Wallis test 
(Miller & Miller, 2005) were used when testing for differences between groups. A 
probability (P) level of P < 0.05 was used for statistical significance. All statistical 
analyses were undertaken using Minitab® version 15.1.3 statistical software (Minitab 
Inc., State College, PA). See Appendix Cl for all statistical equations.
5.5 Results
5.5.1 Total and Speciated Arsenic in Washed Scalp Hair, Urine and Drinking 
Water
Total arsenic concentrations in washed scalp hair from the provinces of San Juan and La 
Pampa (n = 83), which are reported to have As-rich groundwater (drinking water) 
supplies (O’Reilly et al, 2010; Smedley et al, 2005), ranged from 0.01 -  10.1 mg/kg 
As (d.w.) (mean: 1.37; median: 0.53 mg/kg As d.w.) (Figure 5.1). Arsenic 
concentrations in washed scalp hair were comparable to reported studies (using 
differing pre-analysis washing procedures -  Table 5.1) for As-rich regions in Cambodia 
(range: 0.10 -  7.95; mean: 1.41 mg/kg As d.w.) (Gault et al, 2008) and Mexico (range:
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2.60 -  15.10 mg/kg As d.w.) (Armienta et al, 1997) (Figure 5.1). Concha et al, 2006 
reported arsenic concentrations in washed female scalp hairs {n = 27) from San Antonio 
de los Cobres, Argentina over the range 0.02 -  1.5 mg/kg As (d.w.). However, Shraim 
et al, 2003 reported a range of highly elevated arsenic levels in washed scalp hair (see 
Table 5.1 for washing procedure) in China with 0.91 -  34.79 mg/kg As (d.w.) (mean: 
5.99 mg/kg As d.w.). Typical natural levels of total arsenic in human scalp hair are in 
the range 0.08 -  0.25 mg/kg As; above 1 mg/kg As is an indication of arsenic toxicity
(Nguyen eta l, 2009; Saad & Hassanien, 2001).
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Figure 5.1: Comparison of washed scalp hair arsenic concentrations (mg/kg As d.w.)
and corresponding drinking water arsenic concentrations (pg/1 As) of 
exposed populations reported in the literature to that in the exposed 
group in the present study.
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In San Juan, 86% of individuals (n = 14) reported total washed scalp hair arsenic 
concentrations above 1 mg/kg As (Table 5.2). In La Pampa, 25% of participants {n = 
69) had total washed scalp hair arsenic concentrations greater than 1 mg/kg As (Table
5.2). Within the control population of Rio Negro, 97% of individuals (« = 30) had total 
washed scalp hair arsenic concentrations less than 1 mg/kg As (range: 0.01 -  1.77; 
mean: 0.24; median: 0.07 mg/kg As) (Table 5.2).
Table 5.2: Classification of arsenic concentrations in human hair samples.
Region < 0.08 mg/kg As (%)
0.08-0.25“ 
mg/kg As (%)
0.26-1.00 
mg/kg As (%)
> 1.00  ^mg/kg 
As (%)
As-exposed regions
San Juan {n = 14) 0 0 14 86
La Pampa (n = 69) 9 23 43 25
Control region
Rio Negro (« = 30) 67 23 7 3
® normal level of arsenic in human hair, 
indication of toxicity.
Total urinary arsenic levels relating to non-adjusted creatinine calculations for La 
Pampa {n = 34) ranged from 2 -  332 pg/1 As (mean: 41; median: 19 pg/1 As) (Figure
5.2). Comparative arsenic levels in urine have been reported for As-rich regions in 
Chile (range: 2 -  363 pg/1 As) (Caceres et al^ 2005), China (range: 34 -  246; mean: 63 
pg/1 As) (Shraim et aL, 2003) and West Bengal (range: 41 -  290; mean: 140 pg/1 As) 
(Mahata et al, 2003) (Figure 5.2). Higher urinary arsenic levels were reported in 
Argentina by Concha et a l, 1998 in a select study of children from the villages of San 
Antonio de los Cobres, Taco Pozo and Rosaro de Lerma (range: < 1 -  900; mean: 250 
pg/1 As) (Figure 5.2). The highest arsenic levels were reported in India (range: 23 -  
4030; mean: 1097 pg/1 As) (Ahamed et al, 2006). The control population of Rio 
Negro exhibited total urinary arsenic concentrations comparable to other reported 
normal-As exposed populations (Heitland & Koster, 2008). Levels of total arsenic in 
urine are typically below 50 pg/1 As (roughly equivalent to 50 pg As/g creatinine) above 
this, signs of arsenicosis can manifest (Anawar et al, 2002; Tokunaga et a l, 2002). In 
La Pampa, 24% of participants {n -  34) had creatinine-adjusted urinary arsenic 
concentrations greater than 50 pg As/g creatinine (Table 5.3). In contrast, all 5 
participants in the control province of Rio Negro had urinary arsenic concentrations 
below 50 pg As/g creatinine (Table 5.3).
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Figure 5.2: Comparison of unadjusted urinary arsenic concentrations (pg/1 As) and 
corresponding drinking water arsenic concentrations (pg/1 As) of exposed 
populations reported in the literature to that in the exposed group in the 
present study.
Table 5.3: Classification of arsenic concentrations in human urine samples.
Region < 50“ pg As/g creatinine (%)
> 50‘’pg As/g 
creatinine (%)
As-exposed region
La Pampa (n = 34) 76 24
Control region
Rio Negro (n = 5) 100 0
® normal level of arsenic in human urine. 
^ indication of toxicity.
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Drinking water arsenic levels (filtered/acidified) from the exposed populations in the 
washed scalp hair study {n = 44) ranged from 3 -637  pg/1 As (mean: 148; median: 89 
pg/1 As) and for the urine study (« = 12) from 87 -  637 pg/1 As (mean: 207; median: 
152 pg/1 As) (Figures 5.1 & 5.2). Concentrations of arsenic in drinking water for the 
washed scalp hair study were similar to groundwater levels reported in Croatia (range: 
0.1-612; mean: 162 pg/1 As) (Cavar et aL, 2005) and Vietnam (range: <5 -582 pg/1 
As) (Nguyen et at., 2009) (Figure 5.1). However, in these studies a much lower range 
in washed scalp hair arsenic was reported for Croatia (range: 0.07 -  4.31 mg/kg As 
d.w.) (Cavar et al  ^2005) and Vietnam (range: 0.12 -  1.09 mg/kg As d.w.) (Nguyen et 
al, 2009), compared to San Juan and La Pampa. Higher arsenic levels in drinking 
water were seen in this study in comparison to Concha et al, 2006, who reported a 
range of < 1 -  200 pg/1 As (Figure 5.1). In contrast, Yanez et al, 2005 reported 1 -  
1252 pg/1 As in drinking water for neighbouring Chile, with a corresponding washed 
scalp hair arsenic concentration range of < 1 -  21 mg/kg As (d.w.), lower levels than 
seen in this study. Drinking water arsenic levels for La Pampa in the urine study were 
comparable to reported groundwater levels in West Bengal (range: 60 -  560; mean: 211 
pg/1 As) (Mahata et al, 2003), which also saw comparable total urinary arsenic levels 
(Figure 5.2). Higher drinking water arsenic values were reported for India (> 1180 pg/1 
As) (Ahamed et al, 2006), which were reflected in higher urinary arsenic levels (23 -  
4030 pg/1 As); and Bangladesh (> 1000 pg/1 As) (Lindberg et al, 2006), but which 
reported considerably lower urinary arsenic levels (0-140 pg/1 As) (Figure 5.2).
The determination of arsenic species in washed scalp hair and urine by HPLC-ICP-MS 
provides vital information regarding the composition of toxic arsenicals within 
biological materials. Inorganic arsenic species (As^ ^^  and As^) were detected in the 
washed scalp hairs from San Juan and La Pampa (Table 5.4). Levels were comparable 
between the provinces for both species, As^ ^^  (San Juan range: 0.14 -  0.82; La Pampa 
range: 0.14 -  0.64 mg/kg d.w.) and As^ (San Juan range: 0.10 -  3.00; La Pampa range: 
0.11 -  3.43 mg/kg d.w.) (Table 5.4). Levels of As™ and As^ were undetectable in the 
control province of Rio Negro. The levels of inorganic arsenic obtained from this 
extraction procedure were assumed to be a true representation of the composition of 
arsenic species within scalp hair, however variations in the original arsenic composition 
can occur due to the transformation nature of the species at temperature (Raab & 
Feldmann, 2005b).
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Table 5.4: Arsenic species (As™, A s \ M A \ DMA^ and AB) concentrations in washed
scalp hair and urine from San Juan, La Pampa and Rio Negro study groups.
Arsenic in scalp hair, mg/kg As (d.w.) and urine, pg As/g creatinine 
______________________median (range)______________________
As™ As  ^ MA  ^ DMA  ^ AB
Hair
As-exposed regions
SJ(« = 10) (0.14-0.82)
LA (M = 25) (0.14-0.64) 
Control region
0.59
(0.10-3.00)
0.31
(0.11-3.43)
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
RN {n — 5) < 0.01 <0.01 n.d. n.d. n.d.
Urine
As-exposed region
LA (M = 34) (0 38-44.3) 
Control region
RN(« = 5) (og jfL z)
4.65
(0.26-28.0)
1.12
(0.12-2.96)
4.73
(0.41-105)
9.49
(5.80-17.6)
5.20
(0.67-185)
14.3
(7.93-31.5)
1.36
(0.32-9.89)
5.54
(3.40-7.68)
n.d. not detected.
SJ: San Juan; LA: La Pampa; RN: Rio Negro; As°^ : arsenite; As :^ arsenate; MA :^ monomethylarsonic 
acid; DMA^: dimethylarsinic acid; AB: arsenobetaine.
Urinary arsenic species in the exposed province of La Pampa were predominantly 
organoarsenicals (MA^ and DMA^), accounting for a mean contribution of 23 -  49% 
(0.41 -  185 pg As/g creatinine) of the total urinary arsenic, with inorganic arsenic 
contributing between 7 to 17% (0.26 -  44.3 pg As/g creatinine). The control province 
of Rio Negro reported mainly DMA^: 7.93 -  31.5 pg As/g creatinine (47% mean 
contribution), MA^: 5,80 -  17.6 pg As/g creatinine (29%) and AB: 3.40 -  7.68 pg As/g 
creatinine (15%), with minimal levels of As™ (5%) and As^ (4%) (Table 5.4). Levels 
of arsenic species reported in urine samples from Rio Negro are comparable with 
typical metabolite proportions reported in past studies (Bhattachaiya et al, 2007; 
Hughes, 2006; Lindberg et al, 2006; Yanez et a l, 2005). Similar levels of DMA^ 
were seen in both male (1.2 -  172 pg As/g creatinine) and female (0.7 -  185 pg As/g 
creatinine) participants’ urine samples. However, higher MA^ concentrations were seen 
in the female participants’ urine samples (0.8 -  105 pg As/g creatinine) compared to the 
males (0.4 -  45 pg As/g creatinine), suggesting a higher degree of méthylation in 
females compared to males, which is consistent with other findings (Hsueh et a l, 
1998).
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5.5.2 Demographic Characteristics of Study Populations
Demographic information obtained from questionnaires was compared against the total 
arsenic levels for paired samples (washed scalp hair-water and urine-water) as shown in 
Tables 5.5 & 5.6. In San Juan, male participants had an average three-fold increase in 
washed scalp hair arsenic concentrations compared to female participants, with The 
highest total arsenic value (10.1 mg/kg As d.w.) found in a 14-year-old male. 
Conversely, higher washed scalp hair arsenic levels were found in females from La 
Pampa (range: 0.04 -  6.10; mean: 2.00; median: 0.61 mg/kg As d.w.) compared to 
males (range: 0.19 -  3.11; mean: 1.11; median: 0.70 mg/kg As d.w.) (Table 5.5). The 
control province of Rio Negro exhibited a greater washed scalp hair arsenic range in 
male participants (0.04 -  4.73; mean: 0.46; median: 0.12 mg/kg As d.w.) compared to 
females (0.01 -  0.64; mean: 0.15; median: 0.04 mg/kg As d.w.) (Table 5.5). There was 
no statistically significant difference in washed scalp hair arsenic concentrations 
between the male and female participants (Table 5.7).
Age related demographics showed that in both study areas (San Juan and La Pampa), 
participants under 25 years of age exhibited the widest range in washed scalp hair 
arsenic concentrations, conversely participants aged 25 years or above in Rio Negro 
showed the greater arsenic range (Table 5.5). A variance in populations was seen (Fcaic 
>  F c r i t ) ,  however it was not statistically significant ( tc a ic  < t e n t )  (Table 5.7). Participants 
of San Juan, La Pampa and Rio Negro who had been resident in the area for 10 years or 
more, drinking the same water supply were found to exhibit a greater range of arsenic in 
their washed scalp hair (0.01 -  10.1 mg/kg As d.w.) compared to volunteers who had 
been resident less than 10 years (0.01 -  5.80 mg/kg As d.w.) (Table 5.5). However, 
mean washed scalp hair arsenic values were higher for the residents of less than 10 
years in La Pampa (2.12 mg/kg As d.w.) in contrast to residents of San Juan and Rio 
Negro. No statistically significant difference was observed between variations in 
residence time and washed scalp hair arsenic concentrations (Table 5.7).
Non-smokers in both study areas (San Juan and La Pampa) and the control province of 
Rio Negro exhibited a higher arsenic content in their washed scalp hair compared to 
smokers in the study (Table 5.5), although they were not statistically significant (Table
5.7). Non-smokers {n = 59) exhibited an arsenic range of 0.01 -  10.1 mg/kg As (d.w.) 
compared with smokers {n = 9) over the range 0.03 -  6.42 mg/kg As (d.w.) (Table 5.5).
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Table 5.7: Statistical comparisons (F-test and Student’s t-test) of arsenic concentrations 
in washed human scalp hair and urine against demographic groups.
Hair study** Urine study**
Demographic d f Fcalc Fcrit tcalc fcrit df Fcalc Fcrit tcalc fcrit
Male/female 29,37 1.39 1.77 0.36 2.00 9,6 1.33 4.10 0.26 2.13
<25 / > 25 years old 33,33 1.92 1.79 0.14 2.00 6,9 313 3.37 2.08 2.45
Resident <10 / > 10 years 48,13 1.70 2.32 -0.34 2.00 10,5 6.25 4.74 0.73 2.14
Smoker/non-smoker 8,58 1.14 2.10 -0.39 2.00 12,3 250 8.74 2.17 2.18
df = degrees of freedom for P  < 0.05 probability level.
when Fcaio > Font a t-test was performed based on unequal variance (see Appendix Cl).
The nine active smokers that were recruited in the scalp hair study (8 females; 1 male) 
had arsenic levels ranging from 0.03 -  2.96 mg/kg As (d.w.) for the females and a value 
of 6.42 mg/kg As (d.w.) for the male participant. No correlation was established 
between arsenic levels in non-smokers/smokers and reported illnesses recorded on the 
questionnaires. General health complaints for both non-smokers/smokers included 
kidney stones, asthma and arthrosis. However, more specific health problems such as 
keratosis, skin lesions and cases of cancer in certain families were highlighted, that 
correlate with symptoms of arsenic exposure. No prevalence of diabetes was seen in 
either group (non-smokers/smokers), which has also been reported to be linked to high 
levels of arsenic in smokers (Lindberg et al, 2006).
Demographic characteristics relating to the urine study showed a greater range in 
creatinine-adjusted urinary arsenic for female participants (range: 12 -  334; mean: 89; 
median: 38 pg As/g creatinine) compared to males in La Pampa (range: 18 -  253; mean: 
69; median: 24 pg As/g creatinine) (Table 5.6). The control province of Rio Negro 
exhibited similar concentrations for both male and female volunteers. However, a 
gender-related difference in urinary arsenic levels was not statistically significant (Table
5.7). A similar non-significant pattern was exhibited for age-related arsenic levels in 
the urine study as was exhibited in the scalp hair study (Table 5.7). Higher creatinine- 
adjusted urinary arsenic was seen in participants aged under 25 years old in La Pampa 
(range: 38 -  334; mean: 163; median: 134 pg As/g creatinine), compared to participants 
of 25 years of age or above (range: 12-33; mean: 21; median: 19 pg As/g creatinine)
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(Table 5.6). Conversely, Rio Negro participants aged 25 years or above exhibited only 
slightly higher urinary arsenic values to those less than 25 years old.
Similar to the scalp hair study, participants in the As-rich region of La Pampa and the 
control province of Rio Negro who had resided in that location for 10 years or more had 
higher creatinine-adjusted urinary arsenic concentrations in comparison to residents of 
less than 10 years (Table 5.6). However, unlike the scalp hair study, a variance between 
the two populations was seen in the urine study (Table 5.7). Non-smokers (M = 10) in 
La Pampa were also found to have higher creatinine-adjusted urinary arsenic levels in 
comparison to smokers {n = 2), with ranges of 18 -  334 pg As/g creatinine (mean: 94; 
median: 35 pg As/g creatinine) and 12 -  14 pg As/g creatinine (mean: 13; median: 13 
pg As/g creatinine), respectively (Table 5.6). However, levels of creatinine-adjusted 
urinary arsenic in the non-smokers {n = 3) (range: 1 8 -2 5  pg As/g creatinine) and 
smokers {n = 2) (range: 11 -  25 pg As/g creatinine) in Rio Negro were comparable 
(Table 5.6). The 4 active smokers that were recruited in the urine study (3 females; 1 
male), had urinary creatinine-adjusted arsenic concentrations ranging from 11 -  14 pg 
As/g creatinine for the females and a value of 25 pg As/g creatinine for the male 
participant. The two active smokers from La Pampa that were recruited for this study, 
both reported having Type II diabetes, which was not reported in the 2 active smokers 
from Rio Negro (Navas-Acien et al, 2008; Meliker et a l, 2007).
5.5.3 Drinking Water Arsenic Exposure via Scalp Hair and Urine
Drinking water sources in San Juan and La Pampa are primarily groundwaters, whereas 
the control province of Rio Negro is predominantly surface water. A correlation was 
established between paired samples for drinking water and washed scalp hair arsenic 
concentrations in San Juan and La Pampa (R  ^= 0.26; Pearson correlation coefficient R 
= 0.51, P < 0.01), with a Spearman’s rank correlation coefficient (r^ ) of 0.45. 
Correlation of drinking water and washed scalp hair in other reported literature has seen 
a Pearson R-value of 0.82 in Vietnam (Nguyen et a l, 2009), linear regressions (R )^ of 
0.81 in Pakistan (Arain et al, 2009b) and 0.93 in West Bengal (Uchino et a l, 2006) 
and a Spearman’s rank correlation coefficient r^-value of 0.86 in Cambodia (Gault et
fl/1,2008).
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No significant correlation was established in this study between the paired water and 
creatinine-adjusted urine samples for arsenic (R  ^= 0.04; Pearson R-value = 0.20; P < 
0.05), with a Spearman’s rank correlation coefficient rj-value of 0.29. Drinking water 
and urinary arsenic levels in the literature show a greater correlation in comparison to 
this study, with a reported Pearson R-value of 0.50 for Mexico (Meza et aL, 2004), 
linear regressions (R )^ of 0.41 for Bangladesh (Lindberg et al, 2008), 0.46 for 
Hungary, Romania and Slovakia (Lindberç et a l, 2006) and 0.55 for India (Ahamed et 
al, 2006), and a Spearman’s rank correlation coefficient r^-value of 0.65 for Ghana 
(Asante et al, 2007).
5.5.4 Estimation of Total Daily Arsenic Intake
The average daily dose (ADD) of arsenic was based on the oral exposure pathway. 
Other pathways, such as respiratory and dermal, have been shown to be negligible in 
comparison (ATSDR, 2000). The ADD was calculated using drinking water volume, 
total arsenic concentration in the water, exposure duration and fi'equency, average life 
expectancy and body weight of each individual, as given in Equation 5.1 by the USEPA 
(USEPA, 1998).
ADD = rrc * DWH * EF * EDI Equation 5.1
LE*BW
where:
ADD average daily dose through ingestion (oral exposure) (mg/kg day);
C concentration of total arsenic in drinking water (mg/1);
DWI daily water intake rate (litres/day);
EF exposure frequency (days/year);
ED exposure duration (year);
LE life expectancy (day); and
BW body weight (kg).
Results for the ADD of arsenic can be seen in Tables 5.5 & 5.6. The total arsenic levels 
in water (value C) were taken fi"om the analysis of drinking water samples by ICP-MS
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(reported in Section 3.4.2 & Appendix Dl), the DWI rate was taken as the mean of the 
available data (1.5 1/day). Exposure frequency (EF) was assumed to be 365 days/year. 
Exposure duration (ED) was based on the number of years individuals had been resident 
in the area relying on the As-rich drinking water source. Life expectancy in Argentina 
was taken as 78 years (28,470 days) for females and 71 years (25,915 days) for males, 
based on estimated statistics obtained by the United Nations (UN) over a 5 year period 
(2000 -  2005) (UN, 2007). Body weight values were provided from questionnaire 
information (See Appendix D3).
Results from the washed scalp hair study show that ADD levels for arsenic in San Juan 
and La Pampa were highest in males, participants aged 25 years of age and above, 
residents of more than 10 years and non-smokers, with ranges of 0 -  1015 x 10'^  and of 
3.82 -  366 X 10' ,^ respectively (Table 5.5). This trend was also seen in the urine study 
in La Pampa over an arsenic ADD range of 9 -  545 x 10'^  (Table 5.6). Variability was 
seen in the control province of Rio Negro, which recorded the highest arsenic ADD 
levels in females, participants aged 25 years of age and above, residents of more than 10 
years and smokers (ADD range: 0.25 -  6.21 x 10' )^ for the washed scalp hair study 
(Table 5.5). The urine study reported a similar pattern for Rio Negro, however non- 
smokers exhibited a higher arsenic ADD range (1.74 -  2.88 x 10*^ ) than smokers (ADD 
range: 0.87 -  1.10 x 10' )^ (Table 5.6).
An alternative approach to assess the risk of arsenic exposure uses the ratio of estimated 
exposure (ADD) and a reference dose (RD) to yield the hazard quotient (HQ) as shown 
in Equation 5.2 (Nguyen et al, 2009).
HQ = ADD / RD Equation 5.2
The oral toxicity reference dose (RD) for inorganic arsenic is available from the USEPA 
database -  Integrated Risk Information System (IRIS), which established a value of 3 x 
10"^  mg/kg day (USEPA, 1998). The RD value gives an estimation of daily exposure to 
a human population ‘that is likely to be without an appreciable risk of harmful effects 
during a lifetime’ (USEPA, 1998). Values obtained for the HQ for exposed and non­
exposed individuals in this study can be seen in Tables 5.5 & 5.6. A risk to human 
health is considered to occur when HQ values exceed 1 (Nguyen et al, 2009).
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HQ values for the scalp hair study in San Juan showed levels exceeding 1 (an indication 
of a risk to human health) in all demographic groups, accounting for 36% of the study 
population, with the exception of residents of less than 10 years, over a HQ range of 
0.13 — 12.2 (Table 5.5). HQ values in La Pampa also exhibited levels greater than 1 in 
all demographic categories (Table 5.5). Sixty-five percent of individuals fi-om La 
Pampa had HQ levels exceeding 1. The highest HQ levels were seen in male 
participants, participants aged 25 years and above, residents of 10 years or more and 
non-smokers (HQ range: 0.00 -  33.8). Conversely, the control province of Rio Negro 
exhibited HQ levels of less than 1 in all demographic categories (0.01 -  0.21) (Table 
5.5). HQ values for the urine study in La Pampa also exhibited levels greater than 1 for 
all demographic categories, with a range of 0.30 -  18.2 (Table 5.6). The highest urinary 
HQ values paralleled those seen in the scalp hair study. The province of Rio Negro had 
no HQ values greater than 1 in any of the demographic categories (HQ range: 0.03 -  
0.10) (Table 5.6).
5.6 Discussion
The results of this study show a wide variation in total arsenic levels in washed scalp 
hairs from As-exposed individuals in San Juan and La Pampa, Argentina, provinces 
which have been shown to have elevated arsenic in drinking water (see results reported 
in Section 3.4.2). Residents in San Juan exhibited a range of 0.45 -  10.1 mg/kg As 
(d.w.) {n = 14; mean: 3.15; median: 2.76 mg/kg As d.w.) in washed scalp hair, whereas 
levels in La Pampa were over a range of 0.01 -  6.10 mg/kg As (d.w.) {n = 69; mean: 
1.01; median: 0.43 mg/kg As d.w.). Typical natural levels of arsenic in human scalp 
hair range from 0.08 — 0.25 mg/kg As (Masud Kanm, 2000). It has been reported that 
above 1 mg/kg As (d.w.), toxicological effects manifest (Nguyen et al, 2009; Saad & 
Hassanien, 2001). Within San Juan, no participants of the study had washed scalp hair 
arsenic levels within this typical natural range, compared to 23% in La Pampa (Table
5.2). In San Juan, 14% of participants had levels of 0.26 -  1.00 mg/kg As (d.w.) and a 
fiirther 86% above 1 mg/kg As (d.w.) (Table 5.2). Conversely, La Pampa had 43% of 
participants with washed scalp hair arsenic levels in the range 0.26 -  1.00 mg/kg As 
(d.w.) and a further 25% above 1 mg/kg As (d.w.) (Table 5.2). Control (normal arsenic 
levels of exposure) individuals in the province of Rio Negro exhibited lower washed
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scalp hair arsenic levels over the range 0.01 -  1.77 mg/kg As (d.w.) in -  30; mean: 
0.24; median: 0.07 mg/kg As d.w.).
Arsenic has been shown to accumulate on scalp hair as an exogenous contaminant, due 
to human contact with dust and smoke (Shraim et al, 2003). This study overcame this 
issue through the implementation of a washing procedure as described previously (see 
Section 2.1.3), with no detectable arsenic observed within the combined washing 
fractions (<0.1 pg/1 As). Washing procedures for scalp hair have been shown to be 
beneficial against the analysis of external arsenic contamination. An et a l, 1992 
reported a difference of 3 mg/kg As (d.w.) between washed and unwashed hairs.
There are few studies in the hterature that report the use of scalp hair as a biomarker for 
arsenic exposure in Argentina. The washed scalp hair total arsenic concentrations 
determined in this study (0.01 -  10.1 mg/kg As d.w.) were higher than reported values 
obtained by Concha et al, 2006 for women in Salta Province, Northern Argentina, with 
a range of 0.02 -  1.5 mg/kg As (d.w.), consuming drinking water over the range < 0.1 -  
240 pg/1 As (Figure 5.1). The arsenic content of washed scalp hair from individuals 
exposed to arsenic in their drinking water in neighbouring Chile reported a further 
increase, with a range of < 1 -  21 mg/kg As (d.w.) (drinking water arsenic range: 12 -  
1252 pg/1 As) (Yanez et al, 2005). Total arsenic in washed scalp hair in the present 
study does show elevated levels in comparison to other reported studies for As-rich 
regions such as Cambodia (Gault et al, 2008), Croatia (Cavar et al, 2005), Pakistan 
(Arain et al, 2009b) and Vietnam (Nguyen et al, 2009) (Figure 5.1). The variation in 
arsenic concentrations in washed scalp hair could be due to a number of factors such as 
exposure duration, dietary intake and genetics (Tseng, 2009). Correlation was seen 
between paired washed scalp hair arsenic and drinking water arsenic concentrations in 
this study for both exposed provinces (R  ^= 0.26, P < 0.01), although greatly lower than 
other reported studies. This maybe attributed to absorbed arsenic accumulating in high 
amounts in the keratin-rich hair, whereby As^ ^^  binds to sulphydryl groups (Hughes, 
2006).
A higher level of arsenic was seen in the paired washed scalp hair of male volunteers 
(range: 0.04 -  10.1; mean: 1.71; median: 1.13 mg/kg As d.w.) throughout the study 
compared to females (range: 0.01 -  6.10; mean: 1.23; median: 0,42 mg/kg As d.w.)
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(Table 5.5). As all hair samples were washed, external contamination was not 
significant; therefore the main possible route of exposure is through ingestion. 
Typically the accumulation of absorbed arsenic in males is expected to be greater due to 
the higher consumption of food (Shraim et al, 2003). Many of the rural populations in 
San Juan and La Pampa rely solely on As-rich water, not only for drinking but also for 
cooking, cattle watering and crop irrigation. Therefore, consumption of high As- 
containing foodstuffs maybe highly significant and would require further investigation 
to understand the exposure pathway.
No significant difference was seen between the total arsenic in washed scalp hair and 
the exposure time of the populations (number of years resident in the town/community) 
(Table 5.7), suggesting that exposure duration is not a controlling factor to the 
accumulation of arsenic in humans in this study.
In contrast to washed scalp hair analysis. Concha et al, 2006 reported higher 
unadjusted total urinary arsenic levels in Salta Province, Argentina (range: < 1 -  900 
pg/1 As) over a much narrower range in drinking water arsenic concentrations (< 1 -  
232 pg/1 As) compared to the current study in San Juan and La Pampa (urine: 2 -  332 
pg/1 As; water: 87 -  637 pg/1 As) (Figure 5.2). Levels of unadjusted urinary arsenic 
from San Juan and La Pampa are comparable with reported studies in As-exposed 
regions, such as Chile (Caceres et a l, 2005), China (Shraim et a l, 2003) and West 
Bengal (Mahata et al, 2003), although corresponding drinking water arsenic levels 
vary significantly (Figure 5.2). However, less correlation was exhibited between the 
drinking water and urinary arsenic concentrations in this study (R  ^ = 0.04; P < 0.05) 
compared to other reported literature.
No significant differences were established between demographic categories and 
creatinine-adjusted urinary arsenic concentrations (Table 5.7). A positive Pearson 
correlation coefficient {R) was exhibited between total arsenic in paired washed scalp 
hair and urine samples {R = 0.40; P < 0.05). A comparative study by Concha et al, 
2006 in Argentina, reported a Pearson correlation between washed scalp hair and 
unadjusted urinary arsenic concentrations ofR  = 0.64. A strong linear correlation was 
seen between the paired washed scalp hair and urinary arsenic levels in this study (R^  = 
0.40; R = 0.63, P < 0.05), with a Spearman’s rank correlation coefficient (r )^ of 0.78.
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This relationship may indicate that the internal exposure to arsenic through ingestion is 
significant (Shraim et at., 2003).
Typically the major arsenic metabolites found in urine are DMA^ and AB (Lai et al, 
2004). Arsenobetaine (AB) is excreted rapidly through the body with no chemical 
change (Lintschinger et al, 1998). DMA^ is excreted more slowly, potentially 
because this is derived from arsenosugars and is produced by relatively slow metabolic 
processes (Lai et al, 2004; Francesconi et al, 2002; Le et al, 1994). Low levels of 
AB reported in all provinces, maybe based on dietary intake. Although it was not 
possible to control and monitor food intake, dietary information obtained through 
questionnaires suggests volunteers do not consume a significant amount of fish and 
seafood, which would increase the amount of AB excreted in urine.
Variability in DMA^ levels was seen within La Pampa (Eduardo Castex and Ingeniero 
Luiggi) which maybe ascribed to variations in protein intake. It has been reported that 
individuals with a higher protein intake excreted higher concentrations of DMA^ in 
their urine compared to lower protein-intake individuals (Tseng, 2009; Steinmaus et 
al, 2005). It is suggested that volunteers from Ingeniero Luiggi (La Pampa) maintain a 
higher protein-based diet, whereby sufficient quantities of methionine, choline or 
cysteine are produced, which are required for the méthylation of inorganic arsenic to 
DMA^ (Brima et al, 2006). Correlation has also been established between reported 
urinary DMA^ levels and BMI (Lindberg et al, 2006). Diet has been considered to 
play a partial role in arsenic méthylation, Hopenhayn-Rich et al, 1996 studied the 
méthylation effects among a population exposed to arsenic in their drinking water.
In the current study, higher urinary arsenic levels were seen in populations with lower 
drinking water arsenic levels, suggesting that water consumption is not a controlling 
factor. As the levels of organoarsenicals are related to méthylation, a low level of 
DMA^ (and MA^) would suggest a low rate of méthylation and subsequently a low rate 
of excretion of the absorbed arsenic, leading to an increased risk of toxicity (Vahter, 
2000). Therefore, high levels of DMA^ seen in Ingeniero Luiggi urine samples would 
suggest a high rate of méthylation and less risk of toxicity. However, both ADD levels 
for arsenic and the hazard quotient (HQ), based on drinking water consumption, suggest 
that a greater risk is posed to individuals in Ingeniero Luiggi compared to Eduardo
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Castex, where inorganic arsenic levels were higher. Factors that can influence arsenic 
méthylation in humans include age, gender, smoking habits and nutrition (Tseng, 2009; 
Shraim et a l, 2003). As no correlation was seen between age, gender and smoking 
habits, the main influential source must be considered to be nutrition.
The metabohc pathway of inorganic arsenic has been extensively studied in humans 
(Thomas et a l, 2007; Steinmaus et al, 2005; Roy & Saha, 2002; Aposhian et al, 
2000b). The predominance of the organoarsenicals MA^ and DMA^ in the urine 
samples from participants in La Pampa (Table 5.4) contradicts the proposed human 
biotransformation pathway previously suggested by Aposhian et a l, 2000b. This 
pathway route incorporates reduction/oxidation reactions with glutathione and 
subsequent méthylation reactions with N-adenosylmethionine (SAM) to convert 
inorganic arsenic species (As™ and As^) to organoarsenicals (Figure 5.3a). However, 
this pathway proposes that the final organic species are present as MA°  ^ and DMA™. 
Detection of organoarsenicals in this study by HPLC-ICP-MS reported the forms MA^ 
and DMA^. These results support a newly proposed metabolic pathway devised by 
Hayakawa et a l, 2005, which is further supported by Thomas et al, 2007.
This new metabolic route is based on the non-enzymatic formation of glutathione 
complexes with As°  ^ resulting in the formation of arsenic tri-glutathione (ATG). The 
arsenic tri-glutathione is subsequently methylated to monomethyl arsenic glutathione 
(MADG), which can be hydrolysed to form MA™ (at low glutathione levels) or 
methylated to dimethylarsinic glutathione (DMAG) (at high glutathione levels). 
Dimethylarsinic glutathione is then rapidly hydrolysed to DMA™ (Thomas et a l, 2007; 
Hayakawa et a l, 2005). In the original arsenic biotransformation pathway proposed by 
Aposhian et al, 2000b, MA^ and DMA^ are converted to the more toxic MA^ ^^  and 
DMA™; in contrast, in the alternative pathway, MA^ ^^  and DMA^ ^^  are converted to the 
less toxic MA^ and DMA^ (Figure 5.3b), corresponding to results obtained in this 
study. A more comprehensive biotransformation pathway can therefore be 
hypothesised that incorporates both previously reported routes (Figure 5.3).
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5.7 Conclusions
Two provinces in Argentina, namely San Juan and La Pampa with elevated total arsenic 
in drinking water exhibited elevated total arsenic levels in washed scalp hair (0.01 -
10.1 mg/kg As d.w.) and urine (3 -  334 pg As/g creatinine), compared to the control 
province of Rio Negro (washed scalp hair: 0.01 -  1.77 mg/kg As d.w.; urine: 11 -  25 pg 
As/g creatinine), suggestive of deleterious exposure to arsenic (Tables 5.5 & 5.6). 
These two As-exposed provinces showed elevated arsenic levels in drinking water over 
a range of 3 -  637 pg/1 As, exceeding both the World Health Organisation (WHO) 
drinking water arsenic limit of 10 pg/1 As (WHO, 1993) and the current Argentine limit 
of 50 pg/1 As (Frisbie et al, 2005) in the majority of cases (Tables 5.5 & 5.6). Levels 
of arsenic in washed scalp hair varied significantly between provinces; above 1 mg/kg 
As is often perceived as an indication of arsenic toxicity. In San Juan, 86% of 
participants and in La Pampa, 25% of volunteers had levels greater than 1 mg/kg As 
(d.w.) (Table 5.2), however, the control province of Rio Negro had only 3% of 
participants with washed scalp hair arsenic levels above this value. A similar range was 
observed in washed scalp hair arsenic levels within La Pampa. In general, higher 
washed scalp hair arsenic levels were observed in Ingeniero Luiggi, where drinking 
water arsenic concentrations were lower than Eduardo Castex, suggesting that diet may 
play an important role in arsenic accumulation in scalp hair (Kile et al, 2009; Tseng, 
2009; Kile et al, 2007). A statistically significant correlation was seen between 
washed scalp hair arsenic and drinking water arsenic in both As-rich provinces, 
indicating that scalp hair is potentially a good biomarker for arsenic exposure in 
humans.
The spéciation of drinking water sources within San Juan and La Pampa suggests that 
the predominant species is As™, as reported in Section 3.4.3. The composition of 
arsenic in washed scalp hair was in the inorganic form (As^  ^and As^). Arsenite (As™) 
levels ranged from 0.14-0.82 mg/kg (d.w.) in San Juan, 0.14 -  0.64 mg/kg (d.w.) in La 
Pampa and <0.01 mg/kg (d.w.) in Rio Negro. Arsenate (As^) scalp hair levels ranged 
from 0.10-3.00 mg/kg (d.w.) in San Juan, 0.11 -  3.43 mg/kg (d.w.) in La Pampa and < 
0.01 mg/kg (d.w.) in Rio Negro (Table 5.4). The presence of inorganic arsenic species 
in scalp hair from the As-rich drinking water regions suggests a potential for greater 
toxicological effects on humans in comparison to organoarsenicals (MA\ DM A\ AB).
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However, results obtained on the medical health of participants from questionnaire 
information, suggest that few visible health effects are apparent. Therefore, spéciation 
data utilising biomarkers such as scalp hair (long-term exposure) and urine (short-term 
exposure) is vital in monitoring levels of arsenic exposure and the rate at which As- 
related symptoms begin to manifest.
Urinary arsenic concentrations showed a significant difference between the As- 
exposed/non-exposed provinces. The main species present in all urine samples were the 
organoarsenicals MA^ and DMA\ Although a definitive biotransformation pathway 
for arsenic is not fiilly understood, data from the current study in La Pampa suggests 
that the presence of organoarsenicals is a by-product of ingested inorganic arsenic 
méthylation in the presence of non-enzymatically formed glutathione. No significant 
relationships were established between urinary arsenic species concentrations and 
smoking habits of individuals, which have been seen in previous studies (Lindberg et 
al, 2006). However, based on reported illnesses from this study. Type II diabetes was 
exhibited in a small number of participants that were active smokers (Navas-Acien et 
al, 2008; Meliker et al, 2007).
Although both washed scalp hair and urinary total arsenic levels are not comparable 
with all other reported studies carried out in As-rich environments (Figures 5.1 & 5.2), 
the present study is the first full study, to my knowledge to highlight the impact on 
inhabitants in the remote provinces of San Juan and La Pampa, Argentina to the effects 
of consuming high levels of As-rich drinking water. The study does not take into 
account the potential uptake of arsenic from other sources, such as food, dust inhalation, 
cosmetic products (shampoos), which may provide alternative routes for arsenic 
exposure. For example, yerba maté, a type of tea commonly consumed in Argentina 
typically contains between 40 -  670 mg/kg As (d.w.) (mean: 230 mg/kg As d.w.) 
(Donnelly et al, 2004). However, the study does provide a preliminary assessment for 
possible arsenic pathway routes in humans based on spéciation studies, tlirough the 
consumption of As-rich drinking water in San Juan and La Pampa.
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Chapter Six
Conclusion
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6.0 Introduction
The main aim of this research was to develop and validate an in situ analytical 
preservation method for arsenic spéciation in As-rich surface and groundwater collected 
in Argentina (San Juan and La Pampa). The developed method utilises pre-conditioned 
Varian 500 mg Junior Bond Elut® solid phase extraction (SPE) cartridges -  strong 
cation exchange (SCX) and strong anion exchange (SAX), for the spéciation of arsenite 
(As™), arsenate (As^), monomethylarsonic acid (MA^) and dimethylarsinic acid 
(DMA^) (refer to Section 2.3.3.1). The application of the SPE methodology aids in 
determining the composition and most prominent arsenic species at the time of 
sampling (Watts et al, 2010) and in establishing whether there are any influences from 
other chemicals residing in natural waters, which may alter the potential arsenic 
mobility and toxicity in humans. The spéciation analysis of human samples (washed 
scalp hair and urine) so as to determine the potential suitability of these media as 
biomarkers of arsenic exposure was investigated. Furtlieimore, a study was undertaken 
to determine whether any relationship exists between environmental (natural and 
anthropogenic) and human arsenic levels in order to surmise a relationship for the 
biotransformation of arsenic species in humans.
6.1 Environmental Analysis
In the north of San Juan province the area is set upon marine sedimentation from the 
Carboniferous period, which also experienced intervals of localised volcanism in the 
Permian age (Limarino et al, 2006). The community of Encon to the south of the 
province is principally set upon Quaternary continental deposits of sand and loess 
(Lloret & Suvires, 2006; DNGM, 1964), resulting in an arid semi-desert environment. 
The province of La Pampa is predominantly composed of Quaternary deposits of loess 
sedimentation from past volcanic activity (Zarate & Fasano, 1989), which is utilised 
for agricultural farming (animal grazing and food production). Highly elevated natural 
arsenic levels were reported in surface and groundwater sources from the provinces of 
San Juan (north-west Argentina) and La Pampa (central Argentina) compared to the 
control province of Rio Negro (a naturally low arsenic region) (refer to Section 3.4.2) 
and a typical natural background concentration range in uncontaminated water of 1 -  10
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pg/1 As (Smedley & Kinniburgh, 2002; Williams, 2001). Surface waters exhibited 
arsenic concentrations of 11 -  133 pg/1 As in San Juan with groundwater (tap, rural well 
and urban well) levels in the range 9 -  357 pg/1 As. Arsenic levels in groundwater from 
La Pampa, primarily used for drinking purposes ranged from 39 -  327 pg/1 As in urban 
wells; 3 -  1326 pg/1 As in rural wells; and 41 -  747 pg/l As in domestic untreated tap 
water supplies (refer to Table 3.1 in Section 3.4.2). In the majority of cases levels 
greatly exceed the World Health Organisation (WHO) guideline limit of 10 pg/1 As, 
recommended as a maximum allowable level in potable waters (WHO, 1993). 
Furthermore, many surface water samples were shown to surpass the Food and 
Agriculture Organisation (FAO) of the United Nations irrigational water limit of 100 
pg/1 As (FAO, 1994). As well as experiencing elevated arsenic concentrations in the 
natural waters from San Juan and La Pampa in comparison to typical background levels, 
the majority of the dissolved arsenic was present as the more toxic inorganic species 
(mean percentage contributions: San Juan, As™: 85% and As^: 8%; La Pampa As™: 
67% and As^: 31%) (refer to Section 3.4.3).
Higher concentiations of As™ were evident in high alkaline and high total dissolved 
solids (TDS) environments, particularly in groundwater (aquifer) systems. 
Concentrations of the individual arsenic species in these waters were generally of the 
order: As™ > As^ > MA^ > DMA^, which is also representative of the order of arsenic 
species toxicity (Francesconi & Kuehnelt, 2004). The levels of individual arsenic 
species reported in the literature for La Pampa have shown higher values of As^ 
(Smedley et ah, 2005; Smedley et at, 2002), derived from a subtraction method (As^= 
Total As -  As™). However, based on the evidence of a high presence of 
organoarsenicals (MA^ and DMA^) seen in San Juan (< 0.02 -  79 pg/1) and La Pampa 
(< 0.02 -  59 pg/1), by SPE methodology (refer to Section 2.4.3), in contrast to the 
literature, the subtraction method may inadvertently provide a more elevated 
concentration for As^ than is actually the case.
Total arsenic concentrations in San Juan were in good agreement with other literature 
sources (Caceres et ah, 2005; Williams, 2001). However, total arsenic reported in La 
Pampa showed lower maximum concentrations than other reported studies (Smedley et 
al, 2002). Smedley et al, 2002 reported a maximum of 5300 pg/l As in groundwater 
supplies throughout the north of La Pampa province, compared to a maximum of 1326
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pg/l As determined in this study (carried out over a more localised sampling area). 
These differences may be based on the natural geology of the province, the time of 
sampling and the different wells visited. This may also explain the difference in arsenic 
species contribution between the two studies. The Quatemaiy loess that predominates 
in La Pampa is not uniformly spread throughout the soil strata, creating large variations 
in arsenic concentrations in natural waters sampled from only a few metres apart.
The levels of total arsenic in the majority of sieved and dried surface soils (mean: 10.6; 
range: 4.6 -  34.5 mg/kg As d.w.) and river sediments (mean: 19.8; range: 6.0 -  32.1 
mg/kg As d.w.) from San Juan and La Pampa (refer to Section 4.4.1) were also found to 
be elevated above a typical world-wide baseline concentration of 7.2 mg/kg As (d.w.) 
(Patinha et al, 2004). However levels were comparable to a reported world-wide 
range of 0.4 -  70 mg/kg As (d.w.) (Ward, 2000), although, in some cases surface soil 
and river sediment arsenic levels were shown to be higher than the Soil Guideline Value 
(SGV) of 20 mg/kg As (d.w.) for agricultural soils in the UK (DEFRA, 2002). 
However, in all cases surface soil and river sediment arsenic values were below the 
current Dutch integrated Intervention Value of 55 mg/kg As (d.w.) for the remediation 
of arsenic (RIVM, 1994).
Total arsenic levels in river sediments from San Juan were also elevated in comparison 
to river sediments taken from the Rio Colorado and Rio Negro in the control province 
of Rio Negro (refer to Section 4.4.1). The natural level of arsenic in sediments is 
typically less than 10 mg/kg As (d.w.) (Mandai & Suzuki, 2002), however in the 
majority of cases, arsenic levels in San Juan river sediments exceeded this value. 
Levels of total arsenic in sediments from the Rio Jachal (12.4 -  32.1 mg/kg As d.w.), 
were typically shown to increase with decreasing elevation, potentially due to fluvial 
deposition of anthropogenic mine waste material from the vicinity of the Andes (Miller 
et al, 2004). This is in contrast to surface water arsenic levels, which decreased with 
increasing distance from the Andes, potentially due to dilution effects (refer to Section
3.4.2). Variability in arsenic levels along the San Juan river systems may also be due to 
regional hydrology. Increases in surface water flow rates may result in a higher degree 
of erosion and subsequent sediment transportation leading to a decline in arsenic levels 
due to a lack of As-rich material. Transportation of the As-beaiing mine waste may be 
initiated through seasonal snowmelt from the Andes leading to large-scale flooding and
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dispersion of sediment material, through tributaries, wind dispersion or leaching 
(Nikolaidis et al., 2004; Razo et a l, 2004). Soils and/or sediments from San Juan and 
La Pampa were shown to be comparative with other reported studies from other areas of 
the world (Gutierrez et aL, 2009; Smedley et aL, 2005; Miller et a l, 2004). However, 
in areas of former mining activity (anthropogenic) higher levels of arsenic in surface 
soils have been reported (Krysiak & Karczewska, 2007; Baroni et a l, 2004; Razo et 
a l, 2004). Elevated soil arsenic levels have also been reported in many Asian countries 
due to the use of naturally As-rich irrigation water (Dahal et a l, 2008; Roychowdhury 
et a l, 2005).
As was seen in surface and groundwaters, soils and sediments from San Juan and La 
Pampa typically showed alkaline pH levels. A greater organic matter content was seen 
in the La Pampa soils by loss-on-ignition (LOI) determination (2.1 -  12%) compared to 
San Juan surface soils (0.9 -  2.3%) and river sediments (0.1 -  1.6%). This may be due 
to a greater input from pasture and agricultural grazing (cattle and sheep), food 
production (maize, soya beans, potatoes and cereal crops) and associated agrochemical 
use. Such farmlands have excessive cattle and sheep manure deposits and associated 
microbial activity.
The high volcanic glass fraction composition of the loessical soils in La Pampa, created 
from past volcanic activity along the Andes mountain range (Zarate & Fasano, 1989), 
provides a naturally high level of readily leachable arsenic (Smedley et a l, 2002). The 
majority of recoverable arsenic from soils and sediments was composed predominantly 
of the more common arsenic species found in soil solutions, As^ (typically in the form 
HzAsOT and HAs0 4 ‘^), due to its affinity for oxygen (refer to Section 4.4.2) (Sadiq, 
1997).
Extractable levels of arsenic in soils and sediments were in the majority of cases (34 -  
85%) found in the residual fraction (refer to Section 4.4.3). Arsenic bound to Fe and 
Mn oxides accounted for 6 -  28% of extractable arsenic levels, witli a notable 
proportion of arsenic bound to organic matter and sulphides (1 -  19%). Both Fe and 
Mn oxides have been shown to aid arsenic adsorption, creating potentially highly 
elevated natural aisenic levels as a result (Krysiak & Karczewska, 2007; Nikolaidis et 
al, 2004). Higher levels of arsenic were observed in surface soils from La Pampa in
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close proximity to groundwater storage tanks, suggesting the possibility of As-rich 
water leaking from the tanks creating areas of localised arsenic accumulation. 
Furthermore, in La Pampa the main agricultural activity requires extensive surface 
irrigation, which is undertaken by flooding or the use of large mechanical booms (spray 
irrigation), resulting in surface soils being saturated with As-rich groundwaters.
The main concern from both high levels of arsenic (natural or anthropogenic) in 
drinking water, surface soils and sediments is the potential ingestion risk to humans. 
Arsenic exposure from these environmental compartments is highly achievable via 
numerous direct (drinking) and indirect pathways (crops, meat, washing, cooking). 
Consequences of arsenic exposure to humans from water are evident when levels 
surpass 50 pg/1 As (the current Argentine drinking water limit) (Bhattacharya et aL, 
2006; Frisbie et a l, 2005). The accumulation of arsenic in foodstuffs (vegetables and 
plants) by root uptake from soils and sediments (Huang et a l, 2006; Caussy, 2003) is 
also a major concern in terms of the potential ingestion risk to animals and children. 
However, levels of total arsenic in soils and sediments are not a true representation of 
tlie level of potential exposure (bioavailable arsenic) to humans or animals. The 
bioavailability of arsenic from soils is considered a lower concern than that from water, 
due to numerous influential factors, such as the water-solubility of arsenic compounds 
found in soil, pH, presence of oxides, microbial input (Caussy, 2003).
6.2 Human Exposure Analysis
An assessment of the arsenic exposure on the inhabitants of San Juan and La Pampa 
was carried out, utilising washed human scalp and urine as potential biomarkers. These 
two As-rich provinces showed elevated arsenic levels in drinking water over a range of 
3 -  637 pg/1 As. Elevated total arsenic levels were seen in washed scalp hair (0.01 -
10.1 mg/kg As d.w.) and urine (3 -  334 pg As/g creatinine), compared to a comparative 
site in Rio Negro (washed scalp hair; 0.01 -  1.77 mg/kg As d.w.; urine: 11 -  25 pg As/g 
creatinine) (refer to Section 5.5.1), suggestive of deleterious exposure to arsenic. 
Levels of arsenic in washed scalp hair vary significantly between provinces, above 1 
mg/kg As is often perceived as an indication of arsenic toxicity (Nguyen et a l, 2009). 
In San Juan, 86% of participants and in La Pampa, 25% of volunteers had levels greater 
than 1 mg/kg As (d.w.), compaied to Rio Negio (3%). Within La Pampa, higher
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washed scalp hair arsenic levels were observed in Ingeniero Luiggi, where drinking 
water arsenic concentrations were lower than Eduardo Castex, suggesting that diet may 
play an important role in arsenic accumulation in scalp hair (Kile et a l, 2009; Tseng, 
2009; Kile et a l, 2007). A statistically significant correlation was seen between 
washed scalp hair arsenic and drinking water arsenic in both As-rich provinces (linear 
regression = 0.26; Pearson correlation coefficient R = 0.51, probability, P < 0.01), 
indicating tliat scalp hair is potentially a good biomai'ker for arsenic exposure in 
humans.
The composition of arsenic in washed scalp hair was in the inorganic form (As °^ and 
As^). Arsenite (As™) levels ranged from 0.14 -  0.82 mg/kg (d.w.) in San Juan, 0.14 -  
0.64 mg/kg (d.w.) in La Pampa and < 0.01 mg/kg (d.w.) in Rio Negro. Arsenate (As^) 
scalp hair levels ranged from 0.10 -  3.00 mg/kg (d.w.) in San Juan, 0.11 -  3.43 mg/kg 
(d.w.) in La Pampa and < 0.01 mg/kg (d.w.) in Rio Negro (refer to Section 5.5.1). The 
presence of inorganic arsenic species in scalp hair from the As-rich drinking water 
regions suggests that possible toxicological effects on humans could exist, especially 
when associated with low levels of organoarsenicals (MA^ and DMA^). However, 
results obtained on the medical health of participants from questionnaire information 
suggests that few visible health effects are apparent. Therefore, spéciation data utilising 
biomarkers, such as scalp hair (long-term exposure) and unne (short-term exposure), is 
vital in monitoring levels of arsenic exposure and the rate at which As-related 
symptoms begin to manifest.
LFnadjusted urinary arsenic concentrations in As-exposed individuals from La Pampa (« 
= 34) ranged from 2 -  332 pg/1 As compared to participants from the non-exposed 
province of Rio Negro {n — 5) with levels of 10 — 21 pg/l As. The main species present 
in all urine samples were MA^ and DMA^ (refer to Section 5.5.1). Although a 
definitive biotransformation pathway for arsenic is not fully understood, data from the 
current study in La Pampa suggests that the presence of organoarsenicals is a by­
product of ingested inorganic arsenic méthylation in the presence of glutathione 
(Thomas et a l, 2007; Hayakawa et a l, 2005). No significant relationship was 
established between urinary arsenic species levels and smoking habits of individuals, 
which have been seen in previous studies (Lindberg et a l, 2006). However, based on 
reported illnesses from this study. Type II diabetes was exhibited in a small number of 
participants that were active smokers (Navas-Acien et a l, 2008; Meliker et a l, 2007).
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This research consolidates work undertaken by Smedley et a t, 2005, 2002 to highlight 
the extent of the predominantly natural environmental arsenic contamination problem in 
Argentina, with particular focus on the provinces of San Juan and La Pampa. The SPE 
method utilised for the preservation, determination and identification of arsenic species 
in waters in this study provides a safe, simple and robust field-based technique, 
allowing for greater specificity and accuracy (refer to Section 2.3.3.1). It also aids in 
tlie understanding of arsenic exposure through drinking water consumption (refer to 
Section 3.4.3). The present study is the first full study, to my knowledge to highlight 
the impact on inhabitants in the remote provinces of San Juan and La Pampa, Argentina 
to the effects of consuming high levels of As-rich drinking water. The study provides a 
preliminary assessment for possible arsenic biotransformation pathway routes in 
humans based on spéciation studies from the consumption of As-rich drinking water in 
San Juan and La Pampa. It also highliglits the need for arsenic mitigation strategies 
allowing for greater accessibility to clean drinking water sources in the more rural areas 
of the countiy.
6.3 Further Work
Further work that could be developed from this research includes the possible effects of 
microbial activity in surface and groundwater on the méthylation (rate) of inorganic 
arsenic species. The potential implications to diluting natural waters prior to SPE 
methodology on the stability of arsenic species. The environmental pathway of total 
and species arsenic relating to physiochemical and biological/microbial factors 
influencing mobility, bioavailability and potential accumulation and toxicity through the 
soil compartments and into plants {via the soil-root pore water interface). Preliminary 
investigations were carried out to explore the possible use of SPE methodology for the 
spéciation of arsenic in human urine. However, due to the acidic nature of the urine 
samples (uric acid) the solid phase packing within the cartridges disintegrated. 
Additional work could be undertaken to rectify this issue and provide a reliable method 
for aisenic spéciation in urine as well as other biological media, such as blood serum 
and salvia. Finally, an extensive study on tlie potential ingestion of arsenic based on the 
consumption of high arsenic-containing foodstuffs and the possible implications on the 
biotransfomiation pathway in humans could also be investigated.
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A2. Field Sampling Questionnaire
Descriptive questionnaire utilised in this study to collect socio-demographic information 
as well as the general health status of the research participants.
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Abstract
A field method is reported for the spéciation of arsenic in water samples that is simple, 
rapid, safe to use beyond laboratory environments and cost effective. The method 
utilises solid phase extraction cartridges (SPE) in series for selective retention of arsenic 
species, followed by elution and measurement of eluted fi*actions by inductively 
coupled plasma mass spectrometry (ICP-MS) for ‘total’ arsenic. The method is suitable 
for on-site separation and preservation of arsenic species fi*om water. Mean percentage 
accuracies (n = 25) for synthetic solutions containing 10 pg 1'^  As of arsenite (As^"), 
arsenate (As^), monomethylarsonic acid (MA) and dimethylarsinic acid (DMA), were 
98 %, 101 %, 94 % and 105 %, respectively. Data are presented to demonstrate the 
influence of pH and competing anions on the retention of the arsenic species. The 
cartridges were tested in the UK and Argentina at sites where arsenic was known to be 
present in surface and groundwaters respectively at elevated concentrations and in 
challenging matrix conditions. In Argentinean groundwater, 4 to 20 % of speciated 
arsenic was present as MA and 20 to 73 % as As^ \^ In UK surface waters, speciated 
arsenic was measured as 7 to 49 % MA and 12 to 42 % as DMA. Comparative data 
firom the field method using SPE cartridges and laboratory method using liquid 
chromatography coupled to ICP-MS for all water samples provided a correlation of 
greater than 0.999 for As™ and DMA, 0.991 for MA and 0.982 for As^ (P < 0.01).
Keywords: Arsenic; field based spéciation; solid phase extraction.
Introduction
Arsenic has been documented to be ubiquitous in the environment in all regions of the 
world. There is an abundance of evidence for the toxicological effects of arsenic in 
drinking water (WHO, 2001; lARC, 2004; Rahman et al., 2009). The improvements in 
the ability to quantitatively measure arsenic and the concerns and greater understanding 
relating to exposure effects on human health led to the lowering of recommended and 
regulatory limits for arsenic in diinking water from 50 to 10 pg 1'^  in 1993 (WHO, 
1993). Human health effects due to arsenic toxicity are often characterised by skin 
lesions observed as melanosis and keratosis. Chronic arsenic exposure can have 
neurological, cardiovascular, respiratory effects, or cause skin, bladder and lung cancer 
(WHO, 2001; Karagas et al., 2002; Rahman et al., 2009).
Knowledge of the spéciation of arsenic in natural water is important since the toxicity, 
mobility and adsorptivity of arsenic is dependent upon its chemical form. Redox 
conditions primarily govern the dissolved arsenic spéciation, with inorganic arsenic 
being the dominant form. Monomethylarsonic acid (MA) and dimethylarsinic acid 
(DMA) have commonly been measured at lower levels in surface and groundwaters
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(Hwang and Jiang, 1994; Palacios et al., 1997; Roig-Navarro et al, 2001; Garbarino et 
al., 2002; IAEA, 2002; Bednar et al., 2002a; Bednar et al., 2004; Ronkart et al., 2007), 
rainwater and pore water (Huang and Ilgen, 2004). The severe health implications of 
high arsenic intake reported in West Bengal, Bangladesh, Taiwan and Inner Mongolia 
(Smedley et al, 2005) were mainly attributable to the high levels of inorganic arsenic in 
well water. Owing to the toxicity differences between arsenic species (As™ > As^ > 
MA > DMA) (Francesconi and Kuehnelt, 2004) the spéciation of arsenic is essential to 
improve the understanding of health implications and design processes to reduce the 
levels of arsenic present in drinking water.
The quantification of trace element species is a difficult task since trace elements are 
often present at low concentrations relative to the detection limits of analytical 
instrumentation. A number of methods have been employed and summarised in reviews 
of the scientific literature for arsenic spéciation, such as spectroscopy, chromatography 
and electrochemical metliods (Camel, 2003; Francesconi and Kuehnelt, 2004; 
Gonzalvez et al, 2009; Jain and Ali, 2000). Inductively coupled plasma mass 
spectrometry (ICP-MS) is often the favoured method for arsenic determination owing to 
its sensitivity and ability to couple to high performance hquid chromatography (HPLC) 
for the separation and measurement of arsenic species. As™, As^, MA and DMA can be 
measured routinely in solutions at low concentrations typically, low or sub-pg 1'^  (Le et 
al, 1994; Feldmann et al, 1999; Polya et al, 2003; Watts et al, 2008; Button et al, 
2009).
Changes in the distribution of arsenic species may occur rapidly after sampling, during 
storage and transport fi*om the field to the laboratory, which would result in 
questionable spéciation data (Hall et al, 1999). For example, changes in sample Eh or 
pH can precipitate Al, Fe and Mn oxyhydroxides that adsorb arsenic species (Garbarino 
et al., 2002). Interconversion of As^  ^  and As^ in water samples was noted by Le et al. 
(2000) and reported to be matrix dependent. Many studies have found that A s \ MA 
and DMA in surface waters are stable at below 4°C in the dark for between one day and 
several weeks depending on the water type, pH and matrix components. Species 
instability occurs mainly for As™, which is readily oxidised to As^ under certain 
conditions (Francesconi and Kuehnelt, 2004). Hydrochloric acid (HCl) has been used 
for the preservation of As™, with As^ calculated from the subtraction of As™ from total 
measurement. However, iron rich waters present a problem for arsenic species stability, 
since the ferric(oxyhydro)oxide phases that form from Fe(II) oxidation and Fe(III) 
hydrolysis can sorb arsenic from solution, changing the total concentration and likely 
the species distribution. The arsenic species can sorb to iron precipitates formed in 
unpreserved samples. Although McCleskey et al. (2004) have shown that HCl is an 
effective preservative for inorganic arsenic, acting as a biocide and inhibiting Fe(II) 
oxidation and Fe(III) hydrolysis, these findings are in contradiction to the work of 
Borho and Wilderer (1997). In addition, as with many other methods, this approach 
does not account for the presence of organoarsenicals. A number of procedures have 
been proposed to preserve the arsenic species in their ‘natural distribution. The 
addition of ethylenediaminetetraacetic acid (EDTA) (Bednar et al, 2002b; Huang and 
Ilgen, 2004) or phosphoric acid (Daus et al., 2002) to water samples has been used to 
minimise metal oxyhydroxide precipitation of arsenic species with Al, Fe and Mn. 
Gong et al. (2002) added ascorbic acid and HCl to synthetic water and maintained the 
concentration of As™, As^ MA and DMA for 28 days, although transformation from 
As^ ^^  to As^ was observed within eight days for natural waters and three days for
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rainwater. Acidification with nitric acid (HNO3) has also been proposed, but this 
approach would influence relative changes in inorganic As™ and As^ concentrations 
(Feldmann et al., 1999; Hall et al; 1999, McCleskey et al., 2004). Gomez-Ariza et al. 
(2000) reviewed methods for arsenic species preservation, including freezing, cooling, 
acidification, addition of ascorbic acid and storage in the dark. There is generally no 
agreement in the literature on these procedures for on-site sample collection for 
laboratory spéciation analysis, owing to the complexity and site-specific differences 
between water matrices (Leermakers et al., 2006).
Simple and inexpensive field kits have often been used to determine total arsenic rather 
than arsenic species, through the reduction of As™ and As^ to arsine gas (AsHg) by Zn 
and HCl in a reaction vial (Kinniburgh and Kosmus, 2002). Generated arsine gas 
results in a colour change of a test strip containing mercuric bromide. Many 
commercially available kits are considered semi-quantitative below 100 pg and 
incapable of detecting arsenic concentrations close to the World Health Organisation 
(WHO) recommended limit of 10 pg 1'^  for drinking water (Pande et al., 2001). Poor 
correlation between field kits employing arsine generation and laboratory-based 
measurements of ‘total arsenic are reportedly common (Hussam et al., 1999; Rahman 
et al, 2002; Arora et al, 2009). This method presents health and safety risks to the 
operator from the generation of arsine gas, of which up to 50 % can escape from 
reaction cells (Hussam et al, 1999), handling of HCl in the field and resultant mercury 
solid wastes (Melamed, 2004) or oxalic acid when used for arsine generation (Baghel et 
al, 2007). Hydrochloric acid can be replaced with sulfamic acid for safer generation of 
arsine gas, whilst lead acetate filters are employed to reduce inherent sulphide 
interference prior to hydride generation (Cherukuri and Anjaneyulu, 2005).
Ficklin (1983) developed one of the earlier field methods for separating As^ and As^ ^^  
using ion exchange cartridges, although organoarsenicals were not separated from the 
As^ fraction eluted from the cartridges. Edwards et al. (1998) modified the Ficklin 
method, using an anion exchange column to remove A s\ whilst As^ ^^  was collected in 
the effluent (As^ = Total As -  As™). This approach assumed that no organic species 
were present in the water sample. Colloidal arsenic also provided a potentially false 
high result for A ^ . Miller et al, (2000) also used a modified Ficklin method whereby 
samples were acidified with 0.12 M HCl and passed through an anion exchange resin 
(BioRad X-8, hydroxide form). Miller et al. (2000) demonstrated that particulate 
arsenic eluted from the resin with As^ ^^ , providing a false positive result. Therefore, a 
method was needed to separate and account for the organic species. Bednar et al. 
(2002b; 2005) and Garbarino et al. (2002) utilised anion exchange cartridges (Supelco, 
acetate fonn) by firstly preserving the water samples with EDTA and passing a known 
volume through the cartridges to successfully separate As"^  and As species. Good 
comparisons were made for water samples analysed by field and laboratory methods, 
although neither of these studies could use the field spéciation method if DMA or MA 
were present in the sample, since DMA and MA were retained on the cartridge with As^ 
and required further separation. Le et al (2000) solved this problem by using a resin- 
based cation exchange cartridge (Alltech) and an anion exchange cartridge (Supelco) in 
tandem to separate As” ,^ A s\ MA and DMA in synthetic solutions and surface waters, 
with subsequent analysis by Hydride Generation Atomic Absorption Spectrometry. The 
use of HCl to elute the arsenic species from the resin was not ideal for the determination 
of arsenic by ICP-MS owing to the formation of chloride polyatomic interferences 
(40Ar35cj+) and subsequent suppression of the ^^ As^  (100% natural abundance) signal.
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The use of solid phase extraction (SPE) ion exchange cartridges to overcome changes in 
the distribution of arsenic species after water sampling has been the focus of this study, 
particularly with respect to the geographical location of sampling sites in Argentina, 
where access to rapid and sensitive analyses was limited. A repetitive and safe to use 
method was required that could be used routinely in the field to immediately preserve 
arsenic species data and maintain the integrity of collected water samples until they 
could be returned to the UK for analysis.
Study Sites
Devon Great Consols, UK
The Devon Great Consols (DGC) is one of many former mining sites in South West 
England and is situated on the north east bank of the River Tamar in the Tavistock 
District of Devon (UK national grid reference SX: 426 735) (Figure la). Sites DGC 1 to
5 were collected along a stream from the north / topographic highpoint of the site (DGC 
1) prior to it passing through arsenic sands (tailings) and DGC 2 to 5 through a series of 
ponds known locally as the ‘arsenic ponds’, before outflow into the River Tamar. DGC
6 to 9 were from drainage ditches at the south / topographical low-point of the site, 
intended to channel run-off from the main deposit of arsenic sands. DGC 10 was the 
outflow of algal rich water from an adit under the arsenic sands. DGC 11 and 12 were 
from pools of water on the surface of the main arsenic sand deposit. DGC 14 was 
collected from a drainage channel in pine woodland, with input from the adit outflow. 
DGC 13 and 15 were downstream of acid mine drainage (AMD) mixed into a stream 
entering the north / topographical high-point of the site and covered by mixed woodland. 
DGC was an ideal location for testing the field method since it had been studied 
extensively with respect to elemental composition of environmental samples and 
estimation of bioaccessibility. Arsenic concentrations in soils found in and around the 
mine varied significantly depending on their proximity to the main tailings, ranging from 
249 to 34,000 mg kg'  ^ (Langdon et al., 2003; Klinck et al., 2005). Klinck et al. (2005) 
demonstrated the high potential for the release of arsenic from sulphide ore and other 
wastes by carrying out leaching experiments. This was confirmed by measurement of 
natural run-off showing elevated arsenic concentrations (6577 pg 1'^ ). Arsenic 
concentrations of soils in the mine area and mine tailings were well above the 32 mg kg"^  
soil guideline value (SGV) (EA, 2009) for gardens and allotments. Notably, 
bioaccessible concentrations of arsenic in soils were well above the SGV (up to 624 mg 
kg‘^ ) (Button et al., 2008) in residential areas around the mine site, causing potential 
concern for human health.
Argentina, South America
The town of Ingeniero Luiggi (LU) (long. 64°28’60W, lat. 35°25’0S) situated in the 
north east of La Pampa Province in central Argentina provided a comparative test site 
for this study (Figures lb & c). The region experiences semi-arid conditions with a 
temperate climate, with rainfall between 500 and 700 mm per year (Mchelena and 
Irurtia, 1995). Naturally occurring high levels of arsenic have been reported in 
groundwaters in excess o f5300 pg F (Smedley et al., 2005). Due to the lack of surface 
waters in north east La Pampa, groundwater sources are regularly used by the rural 
population for drinking, domestic and agricultural uses. Although groundwater is 
treated in Ingeniero Luiggi by reverse osmosis; it is sold in plastic containers rather than 
piped to households. Many properties, particularly remote farmsteads rely on the 
groundwater abstracted from boreholes without prior treatment. The untreated water 
was the focus of this study from town supply boreholes located in rural areas (LU 1 to
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8) and rural farmsteads using private drinking supplies (LU 9 and 10), within 10 km of 
the town centre. The human health status of the rural communities in Argentina 
indicated typical arsenic poisoning related conditions, such as skin lesions, 
pigmentation changes and various forms of cancer.
Materials and Methods 
Standards and Reagents
All chemicals were analytical reagent grade, with aqueous solutions prepared using 
deionised water (18.2 MD, Millipore, UK). Water samples (30 ml) were filtered (0.45 
pm, Millex, UK) and preserved with HNO3 (BDH Aristar, UK) for total arsenic 
measurement. Commercial standards for As^ ^^  in 2 % HCl, As^ in 2 % NaOH / trace 
bromine were obtained at 1000 mg 1'^  (Fisher Scientific, UK), DMA (solid) (Greyhound 
Cliromatography, UK) and MA (solid) (Sigma-Aldrich, UK) were used for arsenic 
species verification. Bromine, F, Cl, Fe, PO4 , Mn, NO3, NO2 , SO4 standards at 1000 - 
10,000 mg (Sigma-Aldrich, UK) were used for matrix performance tests. Glacial 
acetic acid (Sigma-Aldrich, UK) and methanol (Fisher Scientific, UK) were used for tlie 
conditioning of the Bond Elut (SAX, SCX) ion exchange cartridges (Varian, UK).
Methodology
Preconditioning of the ion exchange cartridges was carried out in order to promote the 
adsorption of the arsenic species onto the appropriate SPE cartridges. Conditioning of 
the resin based strong cation exchange (SCX) cartridge used 15 ml of 50 % methanol 
followed by 15 ml of 1 M phosphoric acid and 5 ml of deionised water (18.2 MD). The 
strong anion exchange (SAX) cartridge was preconditioned with 15 ml of 50 % 
methanol and 5 ml of deionised water. The flow rate used for preconditioning and 
loading of sample solution onto the cartridges was approximately 3 to 5 ml m in\ 
Following preconditioning, the cartridges were assembled as shown in Figure 2 and a 
measured volume of water sample (typically 20 to 30 ml) was passed thi ough a 0.45 pm 
filter into a SCX cartridge connected in series to an SAX cartridge. The filter removed 
particulate arsenic, which has been reported to provide a false positive result for As^  ^
(Edwards et al., 1998; Impelliterri, 2004). The SCX cartridge retained DMA, followed 
by the SAX cartridge, which retained As^ and MA, whilst As™ was not retained and 
collected in the effluent in a polyethylene bottle. The filter and each of the cartridges 
were detached and stored in sealed polyethylene bags together with the polyethylene 
bottle containing the As™ effluent and returned to the laboratory for analysis; elution of 
retained fi’actions and subsequent analysis for ‘total arsenic by ICP-MS. DMA was 
eluted from the SCX cartridge using 5 ml of 1 M HNO 3; MA eluted from the SAX 
cartridge using 5 ml of 80 mM acetic acid first, followed by 5 ml of 1 M HNO 3 to elute 
As^. This concentration of acetic acid eluted MA up to 1 mg 1"\ whilst avoiding co­
elution of As^ with MA. Verification was obtained through secondary analyses of each 
fraction by HPLC-ICP-MS. Mean recoveries for MA in synthetic solutions were 105 % 
and for As^ 101 %. Figure 2 summarises the collection, separation and elution of 
arsenic species from the cartridges. All eluted fractions were diluted two-fold prior to 
analysis and determined for ‘total arsenic at m/z 75 using an Agilent 7500 ICP-MS 
instrument with matrix-matched calibration standards. For comparative spéciation 
analysis by HPLC-ICP-MS, 30 ml of filtered (0.45 pm) water sample was stored in a 
light sealed Thermoelectric Cool box TC-14 (Waeco, UK) at 4°C for transport from the 
sampling site back to the laboratory. The cool box was powered from a car cigarette 
lighter socket. In addition, 30 ml of filtered water was acidified to 1 % HNO 3 (F/A) for 
total arsenic measurements. Instrumental conditions for total analysis by ICP-MS and
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arsenic spéciation by HPLC-ICP-MS are described in Watts et al. (2007; 2008) and 
Button et al. (2009).
Results and Discussion 
Development of SPE methodology
Bond Elut SAX and SCX ion exchange cartridges (Varian, UK) were used for the 
separation of arsenic species (As™, As , MA, DMA) onto a solid phase. Bond Elut 
supplied SPE cartridges (Junior 500 mg) for direct attachment to syringe filters, which 
aided the separation under field conditions. Fractions collected for each arsenic species 
were subsequently checked by HPLC-ICP-MS (Watts et al., 2007; 2008) to confirm that 
individual species were present only in the expected fi*action and that co-elution had not 
occurred. Synthetic solutions containing 10 pg 1'^  As™, A s\ MA and DMA were 
initially used to test the performance of the Bond Elut cartridges. After elution of the 
relevant species, and analysis by ICP-MS, arsenic recoveries for As™, A s\ MA and 
DMA were 98 %, 101 %, 94 % and 105 %, respectively (n = 25) (Table 1).
The SPE cartridges were intended for use in the field and so required a measure of 
robustness and reproducibility. Storage of the arsenic species on the SPE cartridges was 
tested by separating 10 ml of solution containing 10 pg 1'^  of each of the arsenic species 
onto the SPE. The SPEs were then stored in a sealed plastic bag at room temperature 
(21°C) for one to four weeks avoiding direct sunlight. Recoveries of 100 ± 15 % were 
obtained for each of the arsenic species after storage of the cartridges for four weeks. 
The SPEs provided good recoveries (91 -  102 %) for up to 10 mg 1'^  of total arsenic (2.5 
mg of each arsenic species) with 30 ml of this solution passed through the SPE. A 30 
ml volume of solution was considered the maximum to syringe through the SPE. This 
was mainly due to the practicalities in the field of the physical effort and time required 
to push 30 ml of solution through the SPEs, but also to avoid saturating the SPEs in 
high matrix containing waters. A 30 ml fraction of sample provided a 6-fold 
preconcentration (3-fold after dilution for total analysis) for A s\ MA and DMA.
The influence of pH on the recovery of arsenic species in spiked solutions of 10 pg 
at pH values of 4, 6, 8 and 10 were tested in triplicate. The change in pH exhibited httle 
effect on As°  ^and DMA, with recoveries of 98 to 104 % and 95 to 101 %, respectively. 
As^ and MA exhibited slightly enhanced values of 109 to 114 % and 111 to 117 %, 
respectively. None of the arsenic species showed any clear pattern with a change in pH, 
and exhibited good reproducibility across the pH range tested.
The performance of tlie SPE cartridges was also tested using coimnon matrix 
components found in water samples that challenged the ion exchange efficiency of the 
cartridges. These analytes were prepared as synthetic solutions with concentrations 
comparable to the elevated levels measured at the DGC site (Table 1) and spiked with 
individual arsenic species at 10 pg 1'^  (in triplicate).
Mean concentrations for each arsenic species spiked with matrix components are 
summarised in Table 1. Recoveries were generally within 20 % of the target value, with 
the exception of 25 mg 1'^  fluoride and chloride, which inhibited the retention of MA 
(75 and 68 % accuracy, respectively). At these levels of fluoride and chloride, the 
retention of MA on the SAX cartridge was reduced, whereas higher values were 
measured for As"^^ in the effluent from the SAX cartridge. Overall, the sum of arsenic 
species provided recoveries of 96 and 97 % in the presence of chloride and fluoride.
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respectively. MA was also influenced by phosphate at concentrations of 1 mg 1'^  
phosphate (79 % recovery), although enhanced values were measured in the As^ (113 
%) eluted subsequently from the SAX cartridge. The reverse effect was observed for 
MA (113 %) and As^ (79 %) with 25 mg sulphate. Both sulphate and phosphate did 
not alter the As™ concentration in the effluent, therefore As^ and MA were retained on 
the SAX cartridge, but the elution of MA and As^ were clearly influenced by the 
loading of these anions. Impelliterri (2004) also observed the reduction in mass balance 
(S species) when sulphate and phosphate were present as competing anions. Nitrate (25 
mg T^ ) did reduce the overall recovery of arsenic species, particularly MA and DMA, 
likely influencing the efficiency of the elution step, with MA (84 %) eluting 
subsequently with As^ (110%) and DMA (83 %) retained on the SCX cartridge.
Above the maximum for each matrix component presented in Table 1, a significant 
reduction in the individual arsenic species was seen. For example, nitrate at 100 mg 1*^ 
reduced all arsenic species to between 21 -  65 %. The increase in fluoride 
concentration (up to 45 mg T^ ) showed a reduction in MA (48 to 59 %), and an increase 
in As™ (115 to 133 %) recoveries. However, levels of DMA and As^ remained 
relatively stable at 105 % and 94 % respectively. This pattern was also seen for the 
chloride matrix (50 to 200 mg T^ ), with sum arsenic species recoveries in the range 93 
to 101 %. Increases in sulphate (50 to 100 mg 1'^ ), showed markedly reduced levels for 
MA (3 to 40 %) and significantly increased levels for As™ (134 to 167 %), but overall, 
the sum of all of the arsenic species gave total recoveries of 96 to 102 %, with altered 
distribution of arsenic species. Whilst knowledge of the matrix components is useful 
for interpreting the arsenic spéciation data, it proved difficult to measure these 
components in the field in order to counter the problem of high matrix components prior 
to SPE separation / loading of the water sample. Tlierefore, the conductivity of each 
component and a mixed matrix solution was measured to define a limit for conductivity 
measurements. This provided an indication that if the conductivity of water samples 
measured in the field exceeded 1500 pS cm'\ then tlie water sample would require 
dilution with deionised water prior to passing the sample through the SPE to reduce the 
impact of matrix components on arsenic species recoveries, mainly through saturation 
of ion-exchange sites. Garbarino et al. (2002) recommended a dilution of xlO or more 
for samples with excessively high conductivity values to avoid interference from 
competing anions and cations. In practice, water samples with high conductivity values 
were diluted x2 prior to passing the sample through the SPE cartridges and xlO where 
conductivities were > 3999 pS cm'^  for sites DGC 11, DGC 15, LU 6, LU 9 and LU 10 
(Table 2).
Devon Great Consols, UK
Total arsenic concentrations measured in surface waters at the DGC site varied 
significantly depending on their proximity to the main tailings and in-flow of AMD. 
Tlie total arsenic concentrations in filtered and acidified waters from the Devon Great 
Consols (DGC) were in the range 11 to 4592 pg well above the 10 pg 1'^  
recommended guideline for drinking water (WHO, 1993). Water samples were in 
general, slightly acidic at pH 3.5 to 7.1 (Table 2). Anionic components were measured 
at concentrations of < 25 mg 1'^  for chloride, sulphate and fluoride, < 0.4 mg I* for 
manganese and iron, < 0.1 mg 1'^  for phosphate, bromide and nitrite, and < 25 mg 1'^  for 
nitrate, including samples diluted due to the on-site conductivity measurement 
exceeding 1500 pS cm"\ Exceptions were observed for sulphate in DGC 6 (208 mg 1'^ ),
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DGC 7 (85 mg I ' l  DGC 8 (260 mg T'), DGC 11 (332 mg l '), DGC 12 (167 mg r'), 
DGC 13 (73 mg ] ') and DGC 15 (104 mg r‘).
Arsenic spéciation using the SPE cartridges provided good accuracy (sum of arsenic 
species) compared to the total arsenic measurements (Table 2). The mean accuracy was 
101 ± 16 %. Table 2 shows that DMA and MA were present not just as minor 
constituents, but represented a significant proportion of the arsenic speciated for many 
of the water samples at the DGC site. MA and DMA accounted for 7 to 49 % and 10 to 
42 %, respectively, of the speciated arsenic. Many of the water sampling sites at the 
DGC were in close proximity to woodland areas, suggesting that a high level of organic 
content may be present m these samples or microbial activity may result in 
biotransformation of arsenic. The highest collective levels of DMA and MA were 
reported at DGC 1, 11, and 12. These three locations were contained within the more 
sandy surroundings of the acid mine tailings; however, algae was abundant along the 
watercourse, which may have contributed to the higher than expected levels of organic 
arsenic species. No other arsenic species were measured in DGC 1, 11 and 12 by 
HPLC-ICP-MS despite the presence of algae. Good comparative data were obtained by 
HPLC-ICP-MS for arsenic species (Table 3), with a correlation of 0.999 (P < 0.01) for 
the sum of species, greater than 0.999 for As°^  and DMA, with As^ and MA correlations 
of 0.980 and 0.989, respectively. The poor agreement between methods for MA and 
As^ at DGC 10 was likely due to a matrix component that affected the retention of As^ 
and subsequent loss into the MA fraction. In general, matrix components were below 
the levels summarised in Table 1. Although conductivity was measured below 1500 pS 
cm'  ^ for DGC 10, an iron concentration of 1200 mg 1'^  was measured on return to the 
laboratory. Removal of the DGC 10 datapoint provided a slight improvement in the 
correlation between methods to 0.985 and 0.999 for As^ and MA, respectively for the 
combined dataset.
Argentina
Total arsenic concentrations in groundwaters from Ingeniero Luiggi (LU) were 
generally lower than from the DGC site, ranging from 133 to 305 pg l '\  with a 
moderately alkaline pH of 7.4 to 8.4 (Table 2). High anion concentrations were also 
seen in LU waters for chloride and sulphate ranging from 48 to 1300 mg 1'^  and 65 to 
953 mg r \  respectively. Arsenic species measured in these waters (Table 2) were 
mainly present as As™ or As^. No DMA was present, whilst MA was present as a 
minor constituent compared to the DGC waters, but nevertheless provided a significant 
contribution to the overall arsenic concentration in many of the waters. SPE data 
compared well with HPLC-ICP-MS, with correlations of 0.974, 0.965 and 0.986 for 
As” , As^ and MA, respectively (P < 0.01). An outlier for sample LU 5 exliibited 
approximately 20 % transformation from As™ and As^ in the filtered unacidified water 
(F/UA). Wlien removed correlations improved to 0.999 and 0.976 for As™ and As^, 
respectively.
The results of this research highlight the variation in toxic arsenic species present at 
both study locations. The toxicity of arsenic alters significantly depending upon the 
type of species, with As™ > As^ > DMA >MA > AB (Francesconi and Kuehnelt, 2004). 
Lower total arsenic was determined in the Argentinean (LU) groundwater samples (133 
to 305 pg r^) when compared to the DGC surface waters (11 to 4592 pg 1'^ ); yet a 
significant proportion of arsenic resided as As™ in the LU groundwater samples. The 
DGC surface waters contained a broader mix of arsenic species, including
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organoarsenicals. This is likely attributable to the waters being from different sources in 
the two study areas, namely groundwater in Argentina and surface water affected by 
AMD in the UK. The exposure route to humans differs between sites through the water 
usage. At the DGC site, drinking water is provided from off-site. However, through 
discussion with local residents, it appears that the LU waters on rural farmsteads are 
frequently used and often the only source of water for irrigation (crops and gardens), 
animal drinking water as well as human domestic use for drinking or cooking when 
treated water from the water treatment plant may be prohibitively expensive or 
inconvenient for regular use for some rural farmsteads.
Conclusions
The SPE cartridges provided good quantitative recoveries for arsenic spéciation of four 
arsenic species in water samples containing elevated concentrations of arsenic, although 
consideration of the water chemistry and presence of ionic matrix components was 
required to determine the distribution of arsenic species in water with confidence. A 
combined dataset for both the DGC and LU sites demonstrated a good linear correlation 
between the SPE and HPLC-ICP-MS methods at greater than 0.99 for As™, DMA, MA 
and 0.98 for As^ (P < 0.01) (Table 3, Figure 3a to d). Surface water samples from the 
DGC site in the UK contained a relatively high proportion of arsenic as 
organoarsenicals, the source likely to be from bacterial activity in iron and organic rich 
AMD waters, although fiirther research is required to define the transformation process. 
MA contributed a relatively smaller proportion of the arsenic in Argentinean 
groundwaters, the source of which could also result from bacterial activity or from 
agricultural chemical applications as observed by Bednar et al (2002a) in the USA, in 
what is predominantly an agricultural region. The Argentinean groundwaters contained 
a significant proportion of arsenic as As™. The identification of the distribution of 
arsenic and its chemical forms provides valuable information with regard to the toxicity, 
but also for the planning of remediation strategies for drinking and irrigation water 
through filtration, ion exchange or reverse osmosis that are cost effective and 
sustainable.
The employment of the SPE cartridges in the field prevented changes in arsenic 
spéciation that can occur between collection and analysis. This approach is necessary to 
reduce uncertainty due to the presence of matrix components, including iron, which 
reportedly promotes transformation from As™ to As^ even after preservation with HCl 
(Gong et al., 2002). This technology proved particularly practical in Argentina where 
sample collection was often in remote regions fer from laboratories and enabled the 
preservation of arsenic species in the field through separation onto SPE cartridges, with 
subsequent elution and analysis back in the laboratory within a controlled timeframe. 
The availability of ICP-MS analytical facilities in Argentina is less widespread than in 
the UK. The preconcentration step provided by the cartridges allows the measurement 
of arsenic species at low levels (sub-pg 1'^ ) or even by more robust and less sensitive 
instrumentation, such as atomic absorption spectrometry, commonly used in developing 
countries. This method is a cost-effective approach to arsenic spéciation and proved 
simple to use under field conditions and robust in enabling reproducible arsenic 
spéciation data for water samples.
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Lappage, British Geological Survey, 2008.
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Table 1: Matrix influence on the SPE recovery.
Matrix components As": As  ^ DMA 
Recovery (%)
MA Mean SD
Deionised water* 98 101 105 94 100 4
Fe 1.0 mg U 99 100 107 97 101 4
Mn 0.4 mg U 109 97 117 91 104 12
Cl 25m gU 111 109 97 68 96 20
F 25 mg 110 109 92 75 97 17
Br 1.0 mg U 105 101 95 81 96 11
N03  25m gU 90 110 83 84 92 13
NOzl.OmgU 104 107 94 84 97 10
PO4 1.0 mg 102 113 96 79 98 14
SO4 25m gU 101 79 93 113 97 14
30 ml, 10 jig r As, each sp^ies, n = 3, *n = 25
Table 2: Total arsenic - with SPE speciated arsenic represented as a percentage of the 
sum of arsenic species measured - and pH and conductivity results in Devon 
Great Consols (UK) and Argentinean waters.
SITE pH Conductivity 
pS cm*^
Total As 
F/A* pg
Sum As 
Species pg 1'^
Recovery
%
As": As  ^ DMA MA 
% of Speciated Arsenic
DGC, UK -  surface waters + AMD
1 4.5 1773 1218 899 74 3 10 38 49
2 7.0 1429 55 69 125 14 29 42 15
3 7.1 1624 521 492 95 1 51 10 38
4 6.5 2257 39 43 110 16 65 12 7
5 7.3 1507 11 10 93 30 10 40 20
6 4.6 1965 234 180 77 9 44 29 17
7 5.6 1610 4592 4658 101 53 11 21 16
8 5.1 1839 1687 1931 114 44 37 12 7
9 5.5 1811 2785 2433 87 4 30 37 29
10 5.6 1609 466 446 96 4 35 16 45
11 3.6 3999 159 182 115 8 25 21 46
12 5.6 2015 1152 1444 125 18 12 37 33
13 5.4 1921 1791 1651 92 47 18 24 12
14 4.4 2357 1800 1714 95 2 31 27 40
15 3.5 3995 100 112 113 35 32 21 13
Ingmiero Luiggi, Argentina--groundwaters
1 7.4 1264 231 232 100 45 43 0 12
2 8.1 1015 182 169 93 25 57 0 17
3 8.2 1215 305 302 99 31 50 0 20
4 8.2 1267 156 162 104 23 58 0 19
5 8.1 2888 293 295 101 55 41 0 4
6 7.9 >3999 167 167 100 78 18 0 4
7 8.2 2815 255 255 100 53 42 0 5
8 8.4 1480 149 163 110 20 60 0 20
9 7.5 >3999 133 137 103 73 22 1 4
10 7.8 3990 208 212 102 65 31 0 4
Single analyses for eadi site 
*F/A; filtered 0.45 pm and acidified to 1 % nitric acid.
Table 3: Correlation between arsenic species determined by the SPE and HPLC-ICP- 
MS methods (P < 0.01) using Spearman correlation for 15 DGC and 10 LU 
sites.
As": As^ DMA MA Sum Species SPE vs. HPLC
DGC, UK 0.999 0.980 0.999 0.989 0.999
Ing. Luiggi, Argaitina 0.974 0.965 n/a 0.986 0.993
All sites 0.999 0.982 0.999 0.991 0.999
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Summary
This report provides a brief introduction to the application of high-pressure liquid 
chromatography coupled to inductively coupled plasma mass spectrometry (HPLC-ICP-MS) 
to determine the concentration of various arsenic species in water samples. It describes the 
validation of this arsenic spéciation method developed under the Laboratory Maintenance and 
Development Capability Programme to provide data on arsenic spéciation in a range of 
challenging sample matrices to support BGS science projects and university collaborative 
research projects.
The validation was carried out in two stages. Firstly, the chromatographic conditions for 
separating five arsenic species and coupling of the HPLC to the ICP-MS instrument for 
subsequent measurement of arsenic at mass 75 were optimised, together with establishing the 
stability of standards and reagents. Once the methodology had been optimised, validation 
data were obtained based on the method of Cheeseman and Wilson (Cheeseman & Wilson, 
1989).
The measurement of arsenobetaine (AB) and dimethylarsinic acid (DMA) by the proposed 
methodology provided good performance data with respect to certified values for the certified 
reference material NIES CRM 18 Human Urine. Performance data obtained for spiked low 
and high TDS solutions was generally within acceptance criteria outlined in the validation 
plan (Appendix 1) for all of the arsenic species.
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1 Introduction
Tlie abundance of evidence for the toxicological effects of elevated concentrations of 
arsenic in drinking water and the improvements in the ability to measure arsenic 
quantitatively, led to the reduction in the recommended and regulatory limits of many 
national and international authorities. The World Health Organisation (WHO) guideline 
value for arsenic in drinking water was reduced in 1993 from 50 to 10 pg L~^  (WHO, 
1993). The EC maximum contaminant level (MCE) in drinking water has been reduced 
to 10 pg L"\ The Japanese limit for drinking water is also 10 pg L '\ whilst the 
Canadian MCE is 25 pg L'^  (Smedley and Kinniburgh, 2002). In 2001, the US EPA 
limit was reduced from 50 to 10 pg to be enforced by 2006 (EPA, 2004).
Knowledge of the spéciation of arsenic in natural water is important since its toxicity, 
mobility and bioavailability is dependent upon its chemical form. Arsenate [As^^  ^ is 
the major arsenic species present in surface water, whilst arsenite [As^  
monomethylarsonic acid (MA), dimethylarsinic acid (DMA) and arsenobetaine (AB) 
have been frequently detected at lower concentrations in surface and ground waters. 
Overall, approximately 20 to 30 arsenic compounds have been identified to date, many 
of which are the result of metabohc processes, plant uptake and microbial conversion. 
This report focuses on the five most common arsenic species found in surface waters, 
since all of these can be measured using one chromatographic set-up, rather than two or 
three chromatographic approaches that would be required to provide a complete range 
of arsenic compounds, many of which may be present at levels below detection in any 
case. Tlie severe health implications of high arsenic intake reported in the West Bengal, 
Bangladesh, Taiwan and Inner Mongolia (Le, 2004) were mainly attributed to the high 
levels of inorganic arsenic in well water. Owing to the differences in toxicity between 
arsenic species, a knowledge of the spéciation of arsenic is essential in improving the 
understanding of health implications and design processes to reduce the levels of 
arsenic present in drinking water.
Tlie quantification of trace element species is a difficult task since they are often present 
at low concentrations relative to the detection limits of most analytical instrumentation. 
A number of methods have been employed and reviewed in the scientific literature, 
including spectroscopy, chromatography and electrochemical methods (Jain, 2000; 
Francesconi, 2000; Szpunar, 1999 and 2000). ICP-MS is often a favoured method for 
the determination of arsenic because of its sensitivity and ability to couple to HPLC for 
the separation and measurement of arsenic species at low concentrations (Feldmann, 
1999; Gong, 2002; Hamon, 2004; Polya, 2003; Sathrugnan, 2004; Xie, 2002).
This report provides an overview of recent efforts at BGS to set up and validate the 
operation of HPLC-ICP-MS instrumentation for in-house measurements of the most 
common arsenic species present in environmental water samples. The objective of this 
validation process was to demonstrate the robustness of the method and obtain figiues 
of merit for its routine operation.
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2 Experimental
The arsenic species arsenobetaine (AB), monomethylarsonic acid (MA), dimethylarsinic 
acid (DMA), As^ ^^  and As^ were determined by coupling a Dionex HPLC unit to a 
ThermoElemental ICP-MS instrument. The two instalments were coupled so that 
communication between them enabled automated injection and analysis for up to 50 
separate solutions. This approach vastly improved sample throughput compared to 
manual operation (between 10 and 40 samples per day), reduced staff time required to 
perform the measurements and enhanced the reproducibility of sample injections. This 
development in itself was a huge achievement considering the lack o f technical 
knowledge from the instrument manufacturers on how to achieve full automation o f the 
coupled instruments.
Following the injection o f a 100 pi sample solution onto the HPLC column, 
chromatographic separation was achieved through anion exchange and a modification o f 
the cliromatographic conditions described by Martinez-Bravo et al. (2001). The ICP- 
MS instalment was used as a sensitive detector operated in continuous scan mode for 
monitoring the arsenic (^^As) signal in the eluant from the HPLC unit. The continuous 
signal resulted in the production o f a chromatogram in the ICP-MS software, illustrating 
the elution and separation o f the arsenic species over time (Figure 1). Owing to the 
deficiencies of the Plasmalab software in determining peak areas accurately, raw data 
(as time slices) were transferred to a specialist chromatography package for the accurate 
determination o f peak areas, with subsequent calculation of sample concentrations from 
known standards in Microsoft Excel, i.e. calibration graphs. Performance checks were 
included throughout each analytical run by the inclusion o f a calibration standard at 10 
pg L '\  to monitor any change in sensitivity, and a quality control solution (NEES CRM- 
18 Human Urine at 5-fold dilution, only certified for AB and DMA (Nakazato et al., 
2000; Sloth et al. 2004; Yoshinaga et al., 2000 and 2004) after every 10 samples.
25000
DMAAB
20000
MA
15000 - A s
As'10000  -
5000
r e ten t ion  t im e  (min)
Figure 1. Separation o f five arsenic species o f interest by instrumental conditions 
outlined.
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2.1 Reagents and Equipment
Freeze Dried NIES CRM-18 Human Urine, National Institute for Environmental 
Studies, Ibaraki, Japan (Manufacturer), LGC, Teddington, UK (Supplier).
Arsenobetaine (BCR-626) standard solution, 1000 mg U \  LGC, Teddington, UK.
Arsenate (As^), Fisher Scientific Ltd, Loughborough, UK. (1000 mg L"^ ).
Arsenite (As™), Fisher Scientific Ltd, Loughborough, UK. (1000 mg L"^ ).
Monomethylarsonic acid (MA), Cacodylic Acid, Sigma-Aldrich Company Ltd, Dorset, 
UK. (solid)
Dimethylarsinic acid (DMA), Disodium-methyl arsenate. Greyhound Chromatography, 
Birkenhead, UK. (sohd)
Ammonium nitrate, Sigma-Aldrich Company Ltd, Dorset, UK.
Fe, Mn, Ca, PO4 , SO4 , Na and Cl single element standards, Sigma-Aldrich Company 
Ltd, Dorset, UK. (1000 mg L"^ )
Deionised water <18MDcm'^ Millipore Element AIO, Millipore UK, Watford, UK. 
Table 1. Summary of instrument parameters for coupled HPLC-ICP-MS
ThermoElemental PQ ExCell ICP-MS, ThermoElemental UK
Mass monitored A s-75
Monitoring mode TRA -  continuous scan
ICP-MS software Plasmalab 1.06.007
Manipulative software PeakFit V4.02
Dionex Ion Chromatograph, Dionex UK Ltd, Camberley
Injection volume 100 pi
Mobile phase Gradient: 4 mM / 60 mM ammonium nitrate, pH 8.7
Column (anion exchange) Hamilton PRP X-100 250 mm x 4.6 mm, 10 pm
Flow rate 1 mPmin
2.2 Stability of standards and reagents
Owing to the inherent instability of some arsenic species, in particular the inorganic 
species which are subject to redox changes, the stock standard solutions (1000 mg L‘^ ) 
purchased directly from commercial suppliers, the diluted intermediate standards at 1 
mg L'  ^ prepared on a weekly basis and the calibration standards prepared on a daily 
basis were monitored for their stability in deionised water over a period of 6 months. In 
addition, the stability of NIES CRM-18 Human Urine was monitored. Initially, the 
NIES CRM-18 Human Urine was supplied in a freeze-dried form, requiring 
reconstitution in deionised water, as per the accompanying instructions. The 
manufacturer assumed (NIES) that the arsenic species in this solution should be stable 
when stored in the dark at 4°C for at least one month based on measurements of AB 
over two years and one year for DMA (Yoshinaga et al., 2000). The supplier also 
quoted the findings of Feldmann et al. (1999) in that As™, As^, MA, DMA and AB
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concentrations in urine samples were stable for up to 2 months when stored at 4 to 20°C. 
In practice, the reference material was supplied in two bottles and reconstituted 
separately as required. The solution was found to be stable for up to 8 weeks, by which 
time it was generally fully consumed.
Stock standard solutions ranging from 10 to 50 mg commercially available as 
solutions or diluted from solid in deionised water, were found to be stable after 12 
months of storage in the dark at 4°C. Intermediate standard solutions at 1 mg were 
found to be stable for at least 3 months, beyond which their stability was questionable. 
The As™ intermediate standard solution was the exception and was found to be unstable 
when diluted in deionised water. The intermediate standard for As °^ was prepared in 
2% HCl, the same medium as the stock solution, which prevented transformation to 
A s\ Daily standards for As^" still required dilution in deionised water to avoid 
chromatographic changes in the retention time. All stock and intermediate standard 
solutions were only stable for the periods stated if stored in the dark at 4°C. 
Intermediate standard solutions could not be removed from the fridge for long periods 
of time without deterioration.
The NH4NO3 mobile phase was prepared as a stock solution at 1 M concentration. This 
solution was found to be unstable after 2 to 4 weeks, resulting in changes to the 
chromatographic separations. Consequently, the stock solution was kept for a 
maximum of 2 weeks and subsequently stored in the dark at 4°C. Eluents of 4 and 60 
mM NH4NO3 (pH 8.7) were prepared for each analytical run from the stock solution.
2.3 Stability of arsenic species in sample solutions
The preservation of samples is the most problematical step in the determination of 
arsenic species. Events such as changes in the oxidation state, changes induced by 
microbial activity or losses by volatilisation or adsorption should be avoided. Aqueous 
samples intended for total arsenic measurements are not subject to losses during storage 
when filtered and acidified on collection. Gomez-Ariza et al. (2000) reviewed methods 
for preserving the integrity of arsenic species, including freezing, cooling, acidification, 
sterilisation, de-aeration, addition of ascorbic acid and storage in the dark. However, 
there is no general agreement on these procedures and reports often conflict. For 
example. Hall et al. (1999) suggested preservation with weak HCl, which McCleskey et 
at. (2004) questioned strongly. Huang and Ilgen (2004) recommended EDTA, although 
the present authors have experienced problems with poor chromatographic performance 
resulting from the use of EDTA. Preservation by adsorption onto ion exchange 
cartridges was applied to the inorganic species by Ficklin (1983) and Miller et al. 
(2000), and successfully extended to include DMA and MA by O’Reilly (2005). The 
issue of preserving the integrity of samples with respect to arsenic spéciation is clearly 
critical, but still requires further research outside of the scope of this report. For now, 
the most practical approach is to store sample solutions in the dark at 4°C, following 
filtration (0.45pm) and no addition of a preservative.
2.4 Test samples
Water samples were collected from Devon Great Consols on the Tavistock Estate in 
Southwest England. The site was a former arsenic mine and, through previous BGS 
surveys (BGS, 2005), the local surface water was known to contain high total arsenic 
concentrations (50 to 10,000 pg L' )^. The samples were generally acid mine drainage
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waters with pHs around pH 4, well below those of most natural waters. They also 
contained other elements, such as Fe at >500 mg L '\ that can influence the distribution 
of arsenic species, via redox changes or precipitation of arsenic from solution (Daus et 
al., 2002; Bednar et al., 2005). Total arsenic concentrations in these test samples were 
found to be between 20 and 500 pg L '\ Arsenic was generally present as A s\ wliich is 
in agreement with the findings of Williams (2001). Traces of DMA and As°  ^(<5 pg L' 
)^ were also present in these samples, but often near to or below the hmit of detection. 
Owing to the instability of the mine drainage waters collected, synthetic solutions 
containing major components, e.g. Fe, Mn, Cl, Na, at similar concentrations to those 
found in the test samples were prepared to assess the influence that such samples may 
have on chromatographic separations of arsenic species (Appendix 1). Matrix 
components were selected on the basis that they were the main factors reported to 
influence arsenic spéciation measurements. As suggested by Thompson et al. (2002), it 
was not practicable to account for all potential factors that may affect spéciation 
measurements.
The validation of methodologies, required the testing of the analytical procedure for 
each type of sample matrix where it will be applied (Gonzalez, 2007). In this case the 
matrix was water, but with different pH and TDS content. Therefore, two synthetic 
solutions were prepared, one with a pH adjusted to 4.0 to simulate mine acid drainage 
waters and the second solution was adjusted to pH 7.5 to simulate a more common 
water type with near neutral pH. Water samples were also collected from a stream 
adjacent to the BGS Keyworth site, where water samples contained <5 pg L”^ total 
arsenic (pH: 7, Fe <40 mgL'^), with the arsenic present mainly as As^ or As™. The 
Keyworth water samples were spiked as for the synthetic solutions prior to analysis. 
Two standard solutions containing 5 and 40 pg L'^  of each arsenic species were also 
analysed with each analytical run. These standards represented measurements at 20 and 
80% of the top calibration standard, as required by the Cheeseman and Wilson 
(Cheeseman & Wilson, 1989) validation procedure, to demonstrate the validity of the 
method over the whole cahbration range. The accuracy and precision of the method 
were calculated from data obtained from a number of analytical runs, together with an 
assessment of systematic and random errors from consideration of the within and 
between run precision.
3 Methodology
The proposed plan of work to vahdate the measurement of arsenic species by HPLC- 
ICP-MS is given Appendix 1. Instructions on the operation of the HPLC-ICP-MS 
instrumentation and an example of the HPLC Method Run Sheet are contained in 
Appendices 2 and 3, respectively. Details of the preparation of standard solutions for 
each of the arsenic species is outlined in Appendix 4.
Initially tlie stability of standards and reagents was investigated to explore the shelf life 
of these solutions, with an intention of recommending expiry dates (section 2.2). The 
test solutions were characterised for their total elemental content by ICP-MS and ICP- 
AES, and arsenic species by HPLC-ICP-MS, prior to commencing the spike tests. This 
was necessary to ensure that the matrix components were as stated in the validation plan 
and to calculate the spike recoveries accurately.
Each validation run contained a calibration block containing multi-arsenic species 
standards (2, 10 and 50 pg L"^ ) at the beginning and end of the run. Drift correction
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standards containing all five arsenic species at 10 pg L'^  were inserted after every ten 
sample solutions, along with a quality control solution (NIES CRM-18). Low and high 
matrix solutions were analysed, followed by spiked tests for each of these solutions. In 
addition, standard solutions at 20 and 80% of the concentration of the top calibration 
standard (5 and 40 pg L'^) were measured. All of these solutions were analysed in 
duplicate on each occasion. Nine analytical runs were performed by three operators, 
with shutdown in between, requiring separate tuning and set-up of the instrumentation.
The limits of detection for each arsenic species were calculated by extrapolation from 
the 2 pg L'^  calibration standard and the baseline signal. This approach was taken 
because of the presence of random analyte peaks in the blank chromatograms. 
Concentrations of each analyte were measured in a total of 26 blank solutions over nine 
analytical runs, which is much greater than the minimum of 10 blanks suggested by 
Gonzalez et al. (2007). The limit of detection for each analyte was calculated as three 
times the standard deviation (SD) of the blank measurements (3 x SD). The limits of 
detection determined in solution were: As™: 0.8 pg L'^ As^: 1.5 pg L '\ MA: 0.7 pgL"\ 
DMA: 0.3 pg V \  AB: 1.3 pg L '\
4 Results and Discussion
4.1 NIES CRM-18 Human Urine
As in other fields of measurement, arsenic spéciation requires suitable reference 
materials to be available to verify accuracy and to meet quality assurance needs. The 
liigh degree of difficulty of this type of analysis is illustrated by the number of tests 
needed to certify arsenic species in reference materials, in that results must be obtained 
by tliree independent methods for certification as a reference material. NIES CRM-18 
Human Urine was initially tested by six laboratories, using nine approaches (Shibata et 
aL, 1989, Chatterjee et al., 1999, Hanoaka et al., 2001, S^ai et al., 2001) to 
chromatographic separation, with ICP-MS as the means of detection. NIES CRM-18 
was only certified for AB and DMA, with reports of other peaks present in the scientific 
literature (Sloth, 2004). Table 2 summarises the certified values for AB and DMA in 
NIES CRM-18 and the concentrations measured during validation. In total, nine 
analytical runs were completed and 21 separate measurements of the reference material 
were made. The mean measured concentrations of 67 ± 7 pg L'^  AB and 36 ± 4 pg L'^  
for DMA compared favourably to the certified concentrations of 69 ± 12 pg L’^  and 36 
± 9 pg L"\ respectively, providing a degree of confidence in the data obtained overall.
Table 2. Results for NIES CRM-18 Human Urine (9 analytical runs, 21 separate 
measiuements) in pg L'
AB DMA
NIES Certified value 69 36
NIES Certified SD 12 9
Mean measured 67 36
Measured SD 7 4
Precision (%RSD) 11 11
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4.2 Percentage bias on high and low standards
Multi-species standards at 5 and 40 pg L'^  (20 and 80% of the top calibration standard) 
were analysed in duplicate within each analytical run. Tables 3 and 4 relate to 
performance data for the 5 and 40 pg standards, respectively. Table 3 shows that the 
mean measurements for AB, As°\ DMA and MA were within the specified target value 
of ± 15% (Appendix 1), whereas the bias was up to 20% below the target value for As .^ 
Mean measurements for all of the 40 pg L'^  multi-species solution were comfortably 
within ± 15% of the target value, although As^ did follow a general negative trend for 
measurements. Initially, it was considered that the As^ was undergoing transformation 
via redox changes to As™. However, As™ remained consistently close to the target 
value. This may point to a requirement for wider tolerances at lower concentrations, 
such as ± 20% at < lOpg L"^  for As^ measurements until the problem can be resolved.
Table 3. 5 pg L’* standard measured in cuphcate in each of nine analytical runs.
AB A s^' DMA M A As'^
Target value (pg L' )^ 5.0 5.0 5.0 5.0 5.0
Mean measured (pg L'^) 5.1 5.0 4.7 4.8 4.2
Measured SD 1.0 0.3 0.3 1.0 1.0
Precision (%RSD) 10.0 7.0 6.5 11.7 12.1
Bias (%) 2.5 0.1 -5.1 -4.4 -16.7
Table 4. 40 pg L'^  standard measured in duplicate in each of nine analytica runs.
AB A s '" DMA M A As^
Target value (pgL'^) 40 40 40 40 40
Mean measured (pgL )^ 40.5 38.8 40.1 40.1 35.3
Measured SD 3.2 3.3 2.9 4.2 2.7
Precision (%RSD) 7.7 8.4 7.2 10.4 7,7
Bias (%) 2.7 -2.9 0.2 0.3 -11.6
4.3 Spike recoveiy from Low and High TDS solutions
Table 5 summarises spike recoveries for all five arsenic species in a low TDS water. 
Accuracies were generally very good (within ± 15%) for each of the species and 
precision was less than 10%.
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Table 5. Keyworth (low TDS) stream water spiked with 20 pg L'^  of each analyte and
AB As'" DMA M A As^
Target value (pg L"^ ) 20 20 20 20 20
Measured mean (pg L^) 19.8 20.7 21.5 22.1 22.1
Measured SD 1.4 1.3 1.7 1.3 2.2
Precision (%RSD) 7.3 6.3 7.8 6.1 10.2
Bias (%) -1.0 3.4 7.4 10.6 10.4
Tables 6 and 7 summarise measurements of high TDS synthetic solutions prepared at 
pHs of 4 and 7.5, spiked with each arsenic species and analysed in duplicate in each 
analytical run. Accuracies for each arsenic species were within the ± 15% target for the 
high TDS solution at pH 4, although again As^ provided a slightly lower response 
compared to the other arsenic species. The precision of the measurements for each of 
the arsenic species in this matrix were generally good at <10% (Table 6). Table 7 
summarises spike data for the high TDS solution at pH 7.5, for which accuracies were 
less than ±15% for all species with the exception of A s\ which had a bias of 20%.
Table 6. pH 4 high TDS synthetic water, spiked with 20 pg L"^  of each analyte and
AB As'" DMA MA As^
Target value (pg L' )^ 20 20 20 20 20
Mean measured (pg L ) 20.9 19.3 20.6 19.9 17.5
Measured SD 1.8 1.9 0.9 1.4 1.6
Precision (%RSD) 8.4 9.7 4.3 7.0 9.3
Bias(%) 4.4 -3.3 2.8 -0.3 -12.7
Table 7. pH 7.5 liigh TDS syntlietic water, spiked with 20 pg L*^  of each analyte and
AB As"' DMA MA As^
Target value (pg L' )^ 20 20 20 20 20
Mean measured (pg L'^) 20.9 20.0 20.7 20.3 15.7
Measured SD 2.2 2.0 1.5 2.0 1.8
Precision (%RSD) 10.3 10.2 7.1 9.8 11.3
Bias(%) 4.4 0.1 3.4 1.7 -21.3
5 Conclusions
The measurement of AB and DMA by the proposed methodology provided comparable 
performance data with respect to the certified values for NIES CRM 18 Human Urine. 
Further tests to provide data for the other arsenic species would be useful when suitable
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certified reference materials become commercially available. There is a clear need to 
produce certified reference materials (CRMs) for a wider range of arsenic species to 
validate methods in general.
There is also a need for analytical procedures to use quality control solutions to evaluate 
the long-term reproducibility of methods, tlirough the establishment of analytical quality 
control charts and for inter-comparison studies. Tliis is often achieved through the use 
of non-certified reference materials produced within the trace element spéciation 
community, where producers are generally smaller and not as well advertised as 
producers of CRMs. Information on non-certified reference materials can be searched 
in the VIRM (Virtual Institute for Reference Materials) database at www.virm.net 
(Leermakers et al., 2006). The prohibitive cost of CRMs is also a potential barrier to 
validating a broad range of sample matrices for arsenic spéciation and for continuing to 
monitor performance, using CRMs.
The data obtained for the spiked low and high TDS solutions was generally within the 
acceptance criteria outlined in the original validation plan for all of the arsenic species 
(Appendix 1). Accuracies for all of the arsenic species in each of the spiked matrices 
were within ± 15% of the target value, except for As^ in the pH 7.5 high TDS water, 
which was 20% below the target value. The precision of measurements for all spiked 
matrices, high and low standards, was within the target of ± 15% and often less than ± 
10%. The performance data indicated that the acceptance criteria for each species 
witliin the validation plan were generally met, although a wider tolerance of ± 20% is 
required for measurements of As across the concentration range up to 50 pg L"\ The 
poorer quality of the As^ measurements may be due to the cliromatographic separation, 
with As eluting last fi'om the HPLC column and a slight tailing effect on the peak, 
which may lead into a slight bleeding of the As^ signal along the baseline measurement. 
The apparent retention of As^ is also evident in the blank measurements, where A s\ 
although low, is clearly present unlike the other arsenic species. This phenomenon 
resulted in a slight loss of the As^ signal to the baseline or background signal. The limit 
of detection for each analyte was calculated as three times the standard deviation (SD) 
of the blank measurements (3 x SD). The limits of detection determined in solution 
were: As™: 0.8 pg L '\  As^: 1.5 pg L '\  MA: 0.7 pg L '\ DMA: 0.3 pg L '\  AB: 1.3 pg 
V \
In summary, apart from the bias on the As^ measurements, the performance data for 
each of the arsenic species determined during the validation process met the acceptance 
criteria outlined in the validation plan. Further work beyond the scope of this exercise 
is also required to address the commonly recognised problem of stabilising sample 
solutions to preserve the integrity of the sample from the point of sample collection to 
the time of analysis.
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Appendices 
Appendix 1
HPLC-ICP-MS Validation Plan: Measurement of arsenic species in water 
samples
1. Background
The purpose of the HPLC-ICP-MS validation plan is to describe the steps in validating 
the procedure and provide confidence in the robustness and reproducibility of the 
method.
2. Scope
The HPLC-ICP-MS instrumentation will be used to measure five arsenic species (As^\ 
A s \ AB, MA, DMA) in aqueous solutions containing high amounts of matrix elements 
such as Cl, Fe, Mn and Na that may interfere with the accurate determination of arsenic.
3. Test Solutions
Validation data will be acquired for three test solutions representing high and low 
concentrations of matrix elements encompassing the scope of the method.
(i) Keyworth stream water
(ii) Synthetic solutions containing high concentrations of matrix elements at pH 
4.0 and pH 7.5:
Matrix High Matrix W ater (pg L ) High Matrix W ater (pg L"*)
Fe 1 0 0 0 1 0 0 0
Mn 1 0 0 0 1 0 0 0
Ca 1 0 0 0 1 0 0 0
PO4 500 500
SO4 1 0 0 0 1 0 0 0
N a/C l 1000/1500 1000 /1500
pH 4.0 7.5
All test solutions will be prepared as a 500 ml bulk sample and analysed by ICP-MS to 
confirm their elemental composition, prior to the spiking experiments. Where the levels 
in the test solutions permit, the spikes will be added at 2 0  pg L"^  for each arsenic 
species.
4. Calibration standards
Commercial standard solutions will be used to prepare the calibration standards. The 
daily calibration standards for all arsenic species will be prepared at 50,10 and 2 pg 
plus a blank, in deionised water. Measurements will be made in TRA mode and the 
calibrations should be linear.
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5. Preliminaiy tests
Before commencing the validation tests, data from a number of analytical batches 
spread over a six month period will be evaluated for the following:
(i) stability of standards, including stock, intermediate and daily solutions;
(ii) accuracy of measurements for NIES CRM-18 Human Urine;
(iii) stability of NIES CRM-18 Human Urine solution in reconstituted form;
(iv) concentrations of matrix elements and arsenic species in Keyworth stream 
water and synthetic matrix waters.
6. Acceptance Criteria
Initial tests indicate that the following criteria should be achievable:
(i) percentage bias on high and low standards (40 and 5 pg L’^ ) <10%;
(ii) precision of high and low standards, spiked and unspiked samples <15%;
(iii) The percentage recovery of all spikes should be between 85 and 115%.
7. Programme of Work
• Assess data compiled over a 6-month period relating to standard and 
CRM stability.
• Define levels of matrix components.
• Review HPLC-ICP-MS method form.
• Write a draft technical procedure.
• Review and refine methodology at all stages.
• Prepare synthetic high matrix solutions and collect Keyworth stream 
water (Jan 2007).
• Review validation plan.
• Analyse a set of solutions, consisting of a blank, sample, spiked sample, 
matrix solution, spiked matrix solution, high standard and low standard, 
twice in a sufficient number of separate runs to confirm the performance 
characteristics of the method.
• Compare the results with the acceptance criteria.
• Write internal report on methodology (March).
Dr Michael Watts 
21^ December 2006
282
Appendix 2
Teclinical Operating Procedure for the HPLC- ICP-MS
Mobile Phase- IM Stock solution NHjNO^
Weigh out 4.02 g into a clean beaker
Measure out 500 ml of MQ water into a measuring cylinder.
Pour half of the MQ water into the beaker and swirl to allow the NH4NO3 to dissolve.
Empty contents of beaker into the designated Nalgene bottle.
Add remainder of MQ water to designated Nalgene bottle and shake thoroughly until all solid 
has dissolved.
Record a preparation date on the bottle (shelf hfe of solution is 2 weeks, based on observation 
of deteriorating chromatograms). Store in fridge at 4°C.
Mobile Phase- 4 mM and 60 mM
Partially fill designated 1 L volumetric flasks (found in grey box in HPLC trolley) with MQ 
water
4 mM: Add to designated vol. flask, via auto pipette 4 ml of 1 M Stock solution.
60 mM: Measure out in a measuring cylinder, 60 ml of 1 M and decant to designated vol. 
flask.
Make vol. flasks up to line with MQ water and shake thoroughly.
Decant into designated 1L Nalgene bottles, for pH adjustment
Mobile Phase- p H  adjustment
To pH adjust; you need ammonia solution (this is kept in a Sterilin in the grey box on the 
HPLC trolley, if it runs out there is some more under the fume cupboard in U029, just decant 
an appropriate amount for use).
4 mM: Usually you need about 90pl to achieve the desired 8.67 ±0.1.
60 mM: Usually you need about 1000 pi to achieve the desired 8.67 ± 0.1. (These volumes 
vary shghtly but it should not be too different from the above.)
Shake vigorously to encourage complete mixing, when desired pH is achieved, decant 
solutions to designated HPLC bottles.
♦Repeat Mobile Phase procedure for 4 mM, as 2 L is usually needed)
Operation of the HPLC-ICP-MS
Turn on the ICP-MS PC and load up PlasmaLab software. The ICP-MS should be tuned for 
die ^^ As signal and instrument parameters saved in the HPLC Trigger configuration. TRA 
mode should be selected in Acquisition Parameters to monitor the ^ A^s signal.
Switch on the HPLC pump and autosampler and attach the correct column*.
♦Maintenance of HPLC column, guard columns and frits -  the column should have 50% 
MeOH in it; this will need to be flushed out with either MQ or the mobile phase. All columns 
are stored on the HPLC trolley. Regularly check them for residue and blockages and note any 
observations in the instrument log book.
Attach the 4 mM mobile phase to the tube from port 2, the left slot labelled A, and open 
relevant helium valve. Repeat for the 60 mM mobile phase and attach the tube from port 3 to 
the right slot labelled B and open relevant helium valve.
Degassing -  disconnect the hehum line and use the tube provided to reconnect to the line,
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turn on the helium very low! Degas the 4 and 60 mM mobile phase by bubbling helium 
through it for about a minute each, then seal eluent containers. Helium pressure should be 
about 4 to 6 psi into the top of the eluent container.
Ensure that there is no air in the system; do this by opening the httle black valve where the 
tube leaves the HPLC pump head to join the sample loader, and then press the prime button. 
Make sure all of the air bubbles are removed from both eluent lines. This will ensure stable 
pump pressure during the analytical run. A syringe can also be used to suck air out via the 
valve located on the HPLC pump head if the Prime function is not sufficient to remove all of 
the air bubbles in the eluent lines. Also try turning the httle black valve where the tube leaves 
the HPLC to join the sample loader. This wül cause the pressure to drop and force the air and 
some mobile phase down the waste tubing.
Maintenance of pump heads / pistons -  on the pump there are two white plastic holes, put the 
two small syringes containing a few millihtres of MQ into these and push the MQ through 
each way a few times, before and after every analytical run. This prevents the precipitation of 
salts onto the glass piston rods and subsequent scratching and leading to unstable pump 
pressure.
Select mobile phase A (4 mM), now press the on button; this will start running the mobile 
phase through the system and die column. Run the 4 mM mobile phase through the machine 
for at least 20 minutes before any run. Also run other eluents to make sure air is removed. 
Repeat for mobile phase B, the pressure on the HPLC pump should read between 1500- 1700 
psi (record in log book) depending on the column used.
Coraiect the HPLC to the ICP computer via the Advantech trigger board, restart the computer 
to ensure communication between ICP software and HPLC.
Make sure that the ICP-MS peristaltic pump speed is adjusted in Plasmalab to 50% (varies 
depending on flow rate, mobile phase and run time).
Once you have completed all MS related tasks such as tuning and stability tests, you are 
ready to couple the HPLC widi PEEK tubing to the ICP-MS nebuliser and allow mobile 
phase (50% A and 50% B) to run through ICP-MS for at least 20-30 minutes to allow the 
plasma to stabilise and the sampler / skimmer cones to be coated vsdth the mobile phase.
Set UP of sample list on ICP-MS -  set the scan time and make sure the scan finishes just 
before HPLC is ready to inject next sample to avoid communication errors between the 
Advantech trigger board and the AS-50 HPLC autosampler. The calibration blanks need to be 
labelled as blank in the column “type” and the standards need to labelled as fully Quant in the 
same column, all the rest of the blanks and samples should be left as unknown In the sample 
hst tab, in quantitative standards the expected concentration values need to be added in for 
example, for the 2 pg L'^  put 2 in the box etc.
Set-up of experiment on HPLC - for the ammonium nitrate mobile phase, make sure the 
method is selected as method 1 in the right hand column. Method 1 has been set to run a 
gradient elution ovei a period of time (it should nevei" be altered as it is the default devised 
method) but always check that timings are correct before each analytical run For other 
mobile phases, timings can be altered to suit specific needs in other methods (e.g. method 2, 3 
etc). Also check that the flow rate is correct and that the HPLC is running on 100% 4 mM 
mobile phase.
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Set-up of experimental queue on the AS-50 autosampler -  go to menu 4, which is “schedule”. 
You can either edit a previous method or create a new one. Make sure the volume for uptake 
is correct. The next stage is fairly intuitive by following the on-screen instructions.
The number on the left of the columns is how many samples are being tested; make sure that 
this is tlie same as the number of samples in the ICP sample list. Use the HPLC-ICP-MS 
method run form to compare the sample Hsts in the AS-50 HPLC autosampler and ICP-MS 
Plasmalab software.
Ensure the sample list order matches the vial order in the AS-50 HPLC autosampler tray.
Check one last time that all settings are correct on both the HPLC and ICP-MS, once that is 
done, you are ready to run.
Press run on the auto sampler, and “queue” the experiment in the ICP-MS Plasmalab 
software. The HPLC AS-50 autosampler will begin flushing the injection needle, uptake the 
sample, load the sample loop and inject the sample onto the column. The AS-50 autosampler 
will then trigger the ICP-MS to commence scanning for ^^ As for the set time period and the 
gradient pump to begin the gradient program
Data handling -  When the run is completed, all of the raw data (counts per second) are
selected and imported to an excel spreadsheet for manipulation in PeakFit software.
Tips
Always wait for the first sample to start analysis, it is the only way to be sure that the 
communication and timing between the two instruments are synchronised. If the run needs to 
be aborted, stop both the HPLC and ICP-MS sample runs and reset communications between 
the two instruments by restarting the ICP-MS computer.
Ensure you go to acquisition parameters and the calculated defined peaks, to check that there 
are expected chromatograms, if there are none it could mean, that the sample is not getting to 
the plasma in the ICP-MS. This is usually technical; you would need to investigate this in 
order to run an experiment.
Always check for leaks and blockages, especially the column connections.
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Appendix 3
HPLC Method run sheet
Date......................
Rim Name:............
Sample Type.........
Calibration Details:
Analyst:.............
. Sample Number:
Comments/Other Information:
Sheet 1 of
SN Sample Name P Type Dilution
Factor
Comments
1 MO 1 Unknown
2 Cal Blank 1 2 Blank
3 2pgL ' All As-1 3 Fully Quant Standard
4 lOpgL-' All As-1 4 Fully Quant Standard
5 50ugL-' All As-1 5 Fully Quant Standard
6 Dummy 6 Unknown
7 CRM18-1 7 Unknown
8 BLK-1 8 Unknown
9
10
11
12
13
14
15
16
17
18 BLK-2 Unknown
19 Cal Blank 2 Blank
20 10 pg L*^  All As -2 Fully Quant Standard
21 CRM18-2 Unknown
22 BLK-3 Unknown
23
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Run Name: 
Sheet 2 of
SN Sample No. AS Dilution ED AD Comments
24
25
26
27
28
29
30
31
32
33
34 BLK-4 Unknown
35 Cal Blank 3 Blank
36 lOpgL ' All A s-3 Fully Quant Standard
37 CRM18-3 Unknown
38 BLK-5 Unknown
39
40
41
42
43
44
45
46
47
48
49 BLK-6 Unknown
50 CRM18-4 Blank
51 Cal Blank 4 Fully Quant Standard
52 2pgL-' All As-2 Fully Quant Standard
53 10 pg All As -4 Fully Quant Standard
54 50 pg L'^  All As -2 Fully Quant Standard
55 Dummy Unknown
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Appendix 4
Preparation of Arsenic spéciation standards for HPLC-ICP-MS 
M AmrneL'h  
Weigh out 0.0243 g.
Place into designated 125 ml Nalgene bottle (rinse bottle 3x with MQ before beghming).
Using appropriate measuring cylinder decant 125 ml of MQ water into bottle. Place Hd on 
bottle and shake thoroughly until sohd fully dissolved.
Record preparation, expiration details on a label and place on bottle.
Place standard in fridge.
DMAf50 msL'h 
Weigh out 0.0115 g.
Place into designated 125 ml Nalgene bottle (rinse bottle 3 times with MQ before beginning).
Using appropriate measuring cylinder decant 125 ml of MQ water into bottle. Place hd on 
bottle and shake thoroughly until sohd fully dissolved.
Rœord preparation, expiration details on a label and place on bottle.
Place standard in fridge.
As "^and As  ^ (10 mg L'h
Using autopipette, pipette 100 pi of commercial (cone) stock solution into designated 30 ml 
Nalgene bottle (rinse bottle 3 times with MQ before beginning).
Using micropipette, pipette 9.99 ml of MQ water into bottle. (As is made up in 2% HCI) 
Place hd on bottle and shake thoroughly.
Record preparation, expiration details on a label and place on bottle.
Place standard in fridge.
ABUOmuLh
Using an autopipette, transfer 230 pi of AB commercial (cone) stock into designated 15 ml 
Nalgene bottle (rinse bottle 3 times with MQ before beginning).
Using a micropipette, add 9.77 ml of MQ water.
Place hd on bottle and shake thoroughly.
Record preparation, expiration details on a label and place on bottle.
Place standard in fridge.
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1 mg L' Intermediate standards
For MA & DMA transfer 200 pi of standard and 9.8 ml MQ into an autosampler tube. 
For As As  ^& AB transfer 1ml of standard and 9.0 ml MQ into an autosampler tube. 
Place lid on tube and shake thoroughly
Pipette 20 pi from each of the 1 mg L'^  for all 5 standards into an autosampler tube. 
Then pipette 9.0 ml of MQ into the same tube.
Place the lid on the tube and shake thoroughly.
Decant solution to an HPLC autosampler vial (clearly labelled). 
lOpgL-'
Pipette 1000 pi from each of die 1 mg L'^  for all 5 standards into an autosampler tube. 
Then pipette 5 ml of MQ into the same tube.
Place the lid on the tube and shake thoroughly.
Decant solution to an HPLC autosampler vial (clearly labelled).
50 US L~^
Pipette 500 pi from the each of the 1 mg L'^  for all 5 standards into an autosampler tube. 
Then pipette 7.5 ml of MQ into the same tube.
Place the lid on the tube and shake thoroughly.
Decant solution to an HPLC autosampler vial (clearly labelled).
CRM-18 X 5 DILUTION
Pipette 1 ml of reconstituted freeze-dried human urine reference material into auto sampler 
vial.
Pipette 4 ml of MQ into the same auto sampler vial. 
Place hd on vial and shake thoroughly and label.
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Cl. Statistical Equations Utilised in this Research (Miller & Miller, 2005) 
Arithmetic Mean:
Tlie arithmetic mean (x ) of a set of 72 measurements (%,) is calculated as follows:
X
n
Drift Correction:
The instrumental drift correction equation is defined as follows:
Drift correction =  Unknown sample concentration_____________
(Mean calibration standard / known calibration concentration)
F-Test:
An F-test is used to compare the standard deviations of two populations (^f and jg), 
whereby the ratio of two variances is calculated. If the two variances are not 
significantly different, their ratio will be close to 1. The calculated F-value (Fcaic) is 
then compared against an F-critical value ( F c r i t )  at the 95% probability level ( P  < 0.05) 
for m -  \ and M j-l degrees of freedom. The Fcaic value is determined as follows:
Fcaic must always be > 1 therefore the larger variance should always be placed in the 
numerator.
Kniskal-Wallis Test:
Tlie Kruskal-Wallis test is non-parametric and investigates the equality of population 
medians among groups. It is an extension of the Mann-Whitney U test for 3 or more 
groups. It is calculated as follows:
H 12 -3(W + 1)
where: I f = hypothesis; A = sum of individual counts, n;W= sum of ranks
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Least Squared Regression Line Fit:
The least squared regression fit calculates a straight line in the form y = /wx + c, that 
best fits the data. The equation for the line is calculated as follows:
Gradient of line, m = —------7------ r-----
z k - ?
Intercept, c = y - m x
Linear Regression (R^):
The square of the Pearson product moment correlation coefficient (P). The r-squared 
value can be interpreted as the proportion of the variance in y attributable to the 
variance in x.
Mann-Whitney U Test:
The Mann-Whitney U test is used to test the null hypothesis that two sample 
populations ( « 1  and % are the sizes of samples 1 (Xi) and samples 2  % ), respectively) 
come fi'om the same population (i.e. have the same median) or, alternatively, whether 
observations in one sample population tend to be larger than observations in the other. 
The equation is as follows:
U = «i« 2  + —12 2
where: = sample population ni or «2 ; Pa = is the rank sum of sample Xx or X2 .
Median:
The median is taken as the mid-value of a set of data points arranged in ascending order. 
When the data set is even, an average of the two middle values is taken. The median 
often gives a better approximation of the mean, particularly when n is small.
Paired t-test:
A paired t-test is used to compare pairs of data (i.e. from inter-analytical method 
comparisons). The difference between the data values for the two different methods is
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used to calculate t (teak), as shown. This value is compared with a t-critical (tmt) 
literature value for n -  1 degrees of freedom at the 95% probability level (P < 0.05).
=
Pearson Product Moment Correlation Coefficient:
Tlie Pearson product moment correlation coefficient (P) is a dimensionless index 
ranging from -1 to +1 inclusive that reflects the extent of a linear relationship between 
two data sets. It is calculated as follows:
E k  ~4.yi ->')]
R =
Relative Standard Deviation:
Also known as the coefficient of variation (CV), the relative standard deviation (RSD) 
is used to assess the spread of a data set, it is calculated as follows:
PPD = 4x100%
X
Spearman’s Rank Correlation Coefficient:
The Spearman’s rank correlation coefficient (r^ ) is a measure of statistical dependence 
between two variables, and is calculated as follows:
n(n -1)
Standard Deviation:
The standard deviation (s) is a measure of the agreement between a set of n data points. 
It is the measure of random error. It is calculated as follows:
s =
n - \
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Student’s t-test:
A Student’s t-test is used to calculate for any significant difference between a known 
value (g), such as a certified reference value and a measured mean (x) and standard 
deviation (s). The calculated value ( tc a ic )  is compared to the t-critical ( t m t )  value for n -  
1 degrees of freedom at the 95% probability level (P < 0.05). The value is calculated as 
follows:
t-test Assuming Equal Variance:
This equation is used to compare two experimentally determined means for which both 
populations have equal standard deviations (pre-determined using an F-test). In order to 
determine the calculated t value (teak) the pooled standard deviation (5 ) must also be 
calculated. The tca ic  value in then compared with the t-critical ( tc r i t )  value for ni + U 2 - 2  
degrees of freedom at the 95% probability level (P < 0.05). The equations are as 
follows:
s (7?l-l)sf+(7 2 2 - 1 ) ^ 2  (xi-Xz)
(721 +722 -2 )  1 1 1S ---+ ---
\|72i 72,
t-test Assuming Unequal Variance:
If the comparison of two experimentally determined means both have populations with 
significantly different standard deviations (pre-determined using an F-test), the 
following t-test must be utilised. The degrees of freedom (df) must also be calculated 
(to the nearest integer) as it is not appropriate to use the pooled standard deviation.
f -  U i ^2y
s i ± + ±  ^
V"i "2 n,-l M,-l
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Appendix D2
Soil spike tests:
HPLC-ICP-MS chromatogram from the extraction of arsenic species in spiked soil 
samples, to test for arsenic species stability.
Mixed A s standard ■Spiked soil sam ple
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Figure D2.1: HPLC-ICP-MS chromatogram of a mixed 10 pg/1 As species standard 
(As^\ A s\ M A \ DMA^ and AB) and a spiked soil sample (5 pg/1 each 
As "^ and As^).
Table D2.1: Inorganic arsenic recoveries by HPLC-ICP-MS from a spiked soil sample 
(5 pg/1 each As™ and As^) at various dilution factors.
Dilution factor As™(% recovery)
As^
(% recovery)
1 5 87 95
2 5 84 93
3 10 74 112
4 10 76 104
5 25 70 119
6 25 62 125
7 50 61 138
8 50 54 134
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Sequential Extraction Raw Data: 
Table D2.2: Raw concentration data for the sequential fractionation of soils from San 
Juan and La Pampa, Argentina.
Sequential arsenic fraction concentrations (mg/kg As d.w.) %
RecoveiyLocation Fraction 1 Fraction 2 Fraction 3 Fraction 4 Sum of Fractions
San Juan soils
ENl 3.01 4.16 0.47 10.5 18.1 91
EN2 2.14 3.30 1.24 7.25 13.9 90
EN3 8.70 8.57 2.60 11.6 31.5 91
EN4 0.37 0.73 0.37 2.97 4.45 77
La Pampa soils
EC41 1.55 0.88 0.64 4.23 7.29 83
EC42 0.73 0.73 0.93 3.31 5.71 77
EC44 0.30 0.31 0.55 2.70 3.87 83
EC45 0.58 0.71 1.04 5.32 7.64 91
EC46 0.83 0.65 1.36 4.31 7.15 88
EC47 5.26 6.29 1.59 9.08 22.2 90
EC48 0.33 0.46 0.49 3.76 5.04 101
EC49 0.72 0.63 0.29 5.73 7.37 96
EC50 0.47 0.58 0.21 3.63 4.88 97
EC51 0.65 0.31 0.12 4.43 5.51 111
EC52 4.78 0.83 0.73 3.22 9.56 118
EC53 2.05 3.85 2.19 9.32 17.4 86
EC54 0.18 0.30 0.58 3.53 4.59 81
EC55 0.31 0.63 0.36 3.47 4.78 71
EC56 0.64 0.43 0.66 4.21 5.95 87
EC85 0.17 0.43 0.61 4.21 5.42 86
EClOO 0.28 0.41 1.02 4.69 6.39 87
Table D2.3: Raw concentration data for the sequential fractionation of sediments from 
San Juan and Rio Negro, Argentina.
Sequential arsenic fraction concentrations (mg/kg As d.w.) %
Location Fraction 1 Fraction 2 Fraction 3 Fraction 4 Sum of Fractions Recovery
San Juan sediments
ANG3 0.95 3.12 1.13 18.1 23.3 79
CUl 0.61 0.98 2.89 11.4 15.9 83
RJ2 1.53 3.34 0.33 19.5 24.7 113
RJ3 0.54 1.08 0.12 10.2 12.0 96
RJ4 1.08 3.27 1.00 15.0 20.4 105
RJ5 0.76 3.85 1.40 16.3 22.3 97
RJ6 1.40 5.74 1.99 20.7 29.8 93
HUl 3.01 8.47 1.08 20.7 33.3 104
HU2 0.34 0.70 0.19 3.35 4.58 70
HU3 0.31 0.74 0.19 3.16 4.40 95
ANl 0.97 1.73 1.46 15.9 20.0 129
Rio Negro sediments
RCl 0.17 0.75 0.25 1.71 2.89 69
RC2 0.12 0.53 0.32 1.83 2.81 68
RC3 0.13 0.58 0.23 3.07 4.00 109
RC4 1.52 1.98 0.68 3.07 7.26 136
RC5 0.54 0.95 0.24 4.33 6.06 93
RN2 0.09 1.03 0.43 2.35 3.91 88
RN3 0.04 0.27 0.42 2.99 3.73 62
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Appendix D3.
Biological Sample Results (Human Scalp Hair and Urinek
90 
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Figure D3.1: Histogram and cumulative frequency plots (non-normal distribution) for 
scalp hair arsenic values from Argentina.
100
100 200 300
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Figure D3.2: Histogram and cumulative frequency plots (non-normal distribution) for 
unadjusted urinary arsenic values from Argentina.
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Table D3.1: Unpaired (no corresponding drinking water) scalp hair samples from San 
Juan, La Pampa and Rio Negro, Argentina.
PIN Hair As (mg/kg) Gender
Age
(yrs)
Residence
(yrs)
Height
(cm)
Weight
(Kg)
BMI HealthComplaints Smoke
Eduardo Castex, La Pampa
HR-ECl 0.03 F 50 50 165 57 20.9 N
HR-EC2 0.44 F 41 41 168 60 21.3 N
HR-EC3 0.01 F 45 25 165 58 21.3 Arthrosis Y
HR-EC4 0.96 F 49 6 146 74 35.7 N
HR-EC5 0.22 F 35 15 167 60 21.5 N
HR-EC6 0.16 F 46 29 165 60 22.0 Arthrosis Y
HR-EC7 0.06 F 36 36 164 62 23.1 Y
HR-EC8 0.52 F 50 30 150 75 33.3 N
HR-EC9 1.03 M 14 15 165 45 16.5 Enterocolitis N
HR-ECIO 0.22 M 17 17 180 60 18.5 N
HR-ECl 1 0.21 M 32 18 171 57 19.5 Y
HR-EC12 0.65 M 32 18 171 58 19.8 Y
HR-EC13 0.26 M 19 19 185 72 21.0 N
HR-ECl 4 0.43 M 71 71 170 63 21.8 Type II diabetes Y
HR-ECl 5 0.48 M 30 30 194 84 22.3 N
HR-EC16 0.21 M 73 45 163 60 22.6 Type II diabetes Y
HR-EC17 0.11 M 37 37 177 74 23.6 N
HR-ECl 8 0.12 M 45 39 164 70 26.0 N
HR-EC19 0.23 M 55 27 172 82 27.7 N
HR-EC20 0.20 M 42 42 180 95 29.3 Kidney stones N
HR-EC21 0.61 M 30 12 180 98 30.2 Y
HR-EC22 1.62 M 48 48 180 100 30.9 N
HR-EC23 0.19 M 40 40 167 88 31.6 N
HR-EC24 0.57 M 50 50 170 93 32.2 N
HR-EC25 0.35 M 26 19 172 113 38.2 N
Ingeniero Luiggi, La Pampa
HR-LUl 1.55 F 4 4 102 14 13.5 N
HR-LU2 0.43 F 35 6 164 53 19.7 Gastritis N
HR-LU3 3.66 F 10 10 135 38 20.9 Hyperactive N
HR-LU4 0.17 F 59 30 150 52 23.1 N
HR-LU5 0.53 F 51 31 149 56 25.2 N
HR-LU6 0.29 F 47 47 166 76 27.6 Bad nerves Y
HR-LU7 0.32 F 37 4 163 77 29.0 N
HR-LU8 0.27 F 46 13 172 86 29.1 N
HR-LU9 0.83 F 36 6 157 79 32.0 N
HR-LUl 0 2.73 M 4 4 115 24 18.1 N
HR-LUl 1 0.03 M 39 24 173 72 24.1 Y
HR-LU12 0.31 M 32 20 183 90 26.9 Skin allergies N
HR-LU13 0.57 M 37 12 174 86 28.4 Brown teeth N
HR-LU14 0.47 M 37 7 187 100 28.6 Ulcers Y
General Roca, Rio Negro
HR-GRl 0.07 F 44 18 169 79 27.7 Type II diabetes N
HR-GR2 0.02 F 47 21 160 75 29.3 Glaucoma N
HR-GR3 0.02 F 61 18 170 96 33.2 N
HR-GR4 0.06 M 11 11 142 36 17.9 N
HR-GR5 0.02 M 17 17 175 60 19.6 N
HR-GR6 0.67 M 39 9 165 83 30.5 N
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